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Abstract
The discovery of n e w electrode materiais has greatly expanded the range
of detectable c o m p o u n d s using electrochemical methods. Conducting
Electroactive Polymers (CEPs) such as polypyrrole, polythiophene and
polyaniline represent a n e w class of organic polymers that are capable of a
range of molecular interactions enabling them to interact with the species
of interest. In addition the fact that they are conductive and electroactive
enables electrical signal generation to be accomplished.

Problems however exist due to the dynamic nature of these polymers
thereby mitigating against their successful application as sensors. This has
also hindered the production of analytically useful, sensitive, and
reversible signals using these polymers. This work has sought to examine
the problems due to the lack of analytically useful, sensitive, reversible
and re-useable signals through the use of CEPs; w h y the problems exist
and ways of overcoming them.

The generation of analytically useful signals using the detection of
electroinactive anions and cations were considered. The mechanism of
signal generation of the CEP-based electroinactive species were
investigated using a range of electrochemical techniques. The CEP-based
signal generation was carried out through the application of various
potential waveforms. Selectivity was achieved by the appropriate choice
of current sampling points, applied pulsed potential waveforms and the
choice of the counterions employed in the synthesis and eluent. The use
of polymer-coated microelectrodes resulted in about 2 to 3-fold
improvement in detection limits.

Biosensors were also developed using antibody immobilised within CEP
matrices and bioactivity w a s maintained. The polypyrrole antibody

x/V
electrode system was then used in the detection of a range of proteins.
A b - A g interaction was achieved through the application of pulsed
potential waveforms; at positive applied potential, Ab-Ag interaction was
encouraged and the interaction discouraged at negative applied potential.

Sensors for specific detection of Human Serum Albumin (HSA),
Thaumatin (an artificial sweetener), a large range of anions and
halogenated organic acids were developed. The C E P detectors were
adapted

for use with Flow injection Analysis (FIA) and

Ion

chromatography. The practical utility of the sensors was determined in
real samples; results obtained were comparable with conventional
techniques.
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Chapter 1

General Introduction

General Introduction

1.1

ESBSl

INTRODUCTION

In-situ monitoring of chemical species is rapidly generating an increasing
interest due to a greater need for health control, energy conservation and
limiting pollution (1). The use of chemical sensors as the active component
in the realisation of these objectives are of utmost importance.

1.1.1 Chemical Sensors

Chemical sensors are "small-sized devices comprising a recognition
element, a transduction element, and a signal processor capable of
continuously and reversibly reporting a chemical concentration" (1). A
recent I U P A C commission also defines chemical sensors as "devices that
transform chemical information into analytically useful signals" (2). The
information being transformed ranges from the concentration of a specific
sample component to a total composition analysis. T h e chemical
information obtained from a chemical sensor m a y be due to the chemical
reaction of the analytes or the physical properties of the system under
investigation. There are two basic functional units of a chemical sensor: a
receptor unit and a transducer. The receptor unit transforms chemical
information into a form of energy that can be measured by the transducer.
The transducer unit transforms the energy carrying the chemical
information about the analyte into a useful analytical signal. In the
operation of a chemical sensor there is at least one chemical sensor
recognition process which produces a chemical perturbation as a measurable
signal. The recognition processes as well as the transduction can be different
in terms of their nature, complexity or place of their occurrence.
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Chemical sensors may be classified according to the operating principies of
the transducer. There are t w o

large groups of sensors; namely

electrochemical and optical sensors. In addition, a smaller n u m b e r of
piezoelectric sensors have been reported which are useful mainly for the
detection of gases.

Sensors can be classified according to their operational modes. These
include:
(a) Amperometric Sensor: this is a sensor in which potential is used to
drive an electrode reaction while measuring the resulting current. The
sensor was derived from the work of Heyrovsky (3).
(b) Potentiometric Sensor: this involves an electrode reaction in which a
local equilibrium is set up at the sensor interface while the electrode or
membrane potential is measured relative to a reference potential. It is
derived from the work of Nernst (4).
(c) Conductometric Sensor: this is a sensor in which the conductivity of
the testing m é d i u m is measured. It is derived from the work of
Cavendish (5) and is still being used for monitoring eluents in ion
chromatography.
(d) Coulometric Sensor: involves the measuring of a current-time integral
and is derived from the laws governing electrochemical conversion. Its
theoretical foundations are based on the works of Faraday in 1834 (6).
(e) Optical Sensor: this relies on the intrinsic optical property of the analyte
for its detection. O n the other hand, an indicator or label can be used to
transduce the analyte concentration into an optical signal. This
approach m a y be chosen in case the analyte has no useful intrinsic
optical property.
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Sensor requirements are governed to a large extent by the respective
applications. These m a y include sensitivity and low detection limit in the
required range, selectivity for the analyte of interest, broad dynamic range,
minimal calibration, rapid response, reproducibility, reversibility, small size
and low cost (1). Sensitivity is the slope of the response curve per unit
concentration. Selectivity is the ability of the sensing device to discriminate
against one particular parameter of interest in the presence of others. The
dynamic range is the range of values of the quantity being measured in
which the sensitivity is greater than zero. Detection limit is the value of the
parameter of interest at which the m e a n value of the output signal is equal
to two standard deviations. Reversibility is the need to continuously
monitor without recalibration. Rapid response is the ability of the sensor to
display analytical response in real time. Reproducibility is an alternative
expression for the dispersion of the signal that characterises the
measurement and is usually expressed as variance, standard deviation or
coefficient of variation (1,3,7,8 ).

In general, a sensor should not affect the chemical composition of the testing
m é d i u m being monitored. It is therefore necessary to measure chemical
species o ver a wide range of concentrations. Such measurements need to
result into good reproducibility and stabiüty within the required operational
temperature range and time period. The interference on sensor performance
by other ions or species present in the testing m é d i u m should be at a
minimum.

Preferentially, the sensor

should

not require

sample

pretreatment or additional chemical reagents. It should be portable,
relatively inexpensive, simple to calibrate and also should have a reasonable
response time.

General Introduction

Page5

A sensor that has ali these characteristics is difficult to develop. Realistically,
the choice and development of a sensor for a particular application requires
certain amount of compromise of these qualities.

Sensors can be used for both qualitative and quantitative analysis. A major
aspect of on-line sensors is based on the fact that they can indicate trends in
real time.

This is of advantage in both medicine and in process

management, and it enables undelayed counteractions to be performed in
criticai situations. The real time nature of chemical sensors has resulted in
other fields of applications.

1.1.2 Biosensors

Sensors that exhibit certain qualities whereby their biological or biochemical
processes play major roles in providing analytical chemical information
(either through chemical recognition or transduction) are referred to as
biosensors (9). In general terms, a biosensor can be thought of as comprising
a bioactive substance that can specifically recognise species of interest in
intimate contact with a suitable transducing system (10). Typically, a
bioactive substance can be either an e n z y m e , antibody, biomembrane
component, or micro-organism. According to the I U P A C commission report
(2), biosensors m a y be regarded as a subgroup of chemical sensors in which a
biochemical process is the source of the analytical signal.

The sensing element in a biosensing device may either be closely connected
to or integrated within the transducer (10,11). Biosensors can respond
selectively and sensitively to a specific substance; they depend on a matrix
bound bioactive substance for molecular recognition and on an electronic
device for signal transduction. The biologically sensitive component in a
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biosensor is responsible for recognising the analyte and this ultimately
regulates the selectivity and sensitivity of the device. Molecular
stereochemistry is also responsible for the selectivity of a biosensor (11).

Enzymes may be immobilised in the isolated state or as part of a microorganism, tissues or cell membranes (11). Antibodies are another major class
of biological reagents used as a recognition element in a sensor. The
immobilisation of an antibody or antigen on an electrode provides a
biosensor called "immunoelectrode".

Many aspects of biosensors are based on different transducing principies and
are contained in several reviews (10, 12-18). The focus of this work is on the
electrochemical approach and more specifically on amperometric biosensors.
There are two main categories of electrochemical biosensors. These are
transducers of the amperometric and potentiometric modes. Other sensing
schemes rely on pH-sensitive ion-selective field effect transistors (FETs), thin
metal-oxide-semiconductors, mediated electron transfer in amperometric
biosensors and direct optical detection of reduced or oxidised forms of
prosthetic groups (10,11).

Two large groups of biosensors are enzyme-based sensors and
immunosensors. In enzyme-based biosensors, the unique binding and
catalytic properties are utilised for detection. A typical enzyme-based
biosensor consists of an enzyme layer that converts the species to be
measured into one or more detectable species, and a sensing element that
can measure the n e w species (or decrease in concentration of species that is
consumed) (10). Species that are measured include O2, p H , CO2, or N H 3 .
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Sensing Techniques

The basic components common to ali biosensors are shown in Figure 1-1
below (19,20). These component are: a bioactive surface which interacts with
the substance (or analyte) to be detected, electronic transducer which detects
the biochemical event occurring between the bioactive surface and the
analyte and the support electronics which amplify and report the transducer
output signal. The integration of these 3 components is usually required for
a biosensor. Recent developments in biosensor technology have been
focused on the transduction and the bioactive surface (immobilisation)
techniques. This is because electronic amplification and signal reporting in
biosensor systems can utilise already developed technologies. The use of
conducting polymers in integrating these components is of utmost
importance.
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Figure 1-1:

Basic components of a biosensor (compüed from references 19 & 20)

1.2 DEVELOPMENT OF CONDUCTING ELECTROACTIVE
POLYMERS (CEPs)

Conducting electroactive polymers (CEPs) are a group of conducting organic
polymers (such as Polypyrrole, Polythiophene and Polyaniline) that are
characterised by unique electroactive properties defined as "the ability to be
reversibly oxidised and reduced". These properties distinguish C E P s from
semiconduetors. Intrinsic conductivity in polymers is generally regarded as
an undesirable property. However, the discovery of polymers having a high
electrical conductivity has opened a n e w and exciting área of research. CEPs
with conjugated bonds (also called synthetic metais) have been extensively
studied (8, 21). These group of polymers are characterised by electronic
conduetivities of u p to IO 4 Í2"1. The electroactive properties of conducting
polymers have therefore become a particular subject of interest.

1.2.1 Synthesis and Characterisation of Conducting Polymers

Anodic formation of a conducting polypyrrole was first reported by Dall'01io
et ai. in 1968 using aqueous H 2 S O 4 (22). Thereafter, the electrodeposition of a
free standing, coherent and highly conducting polypyrrole film from an
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organic médium was also reported by Diaz et ai (23). This has opened up
research into a n e w

class of material generally

referred

to as

"poly(heterocyclic) and poly (aromatic)" conducting polymers. Then
Tourillon and Garnier prepared four other heterocyclic m o n o m e r s by anodic
polymerisation leading to polythiophene, polyfuran, polyindole and
polyazulene (24). Electropolymerisation by oxidative coupling of benzene,
fluorene, polycyclic hydrocarbons and puridazine have also been reported
(25-28).

Several journal publications have emerged that described the
electrochemical preparation of polypyrrole films and their behaviour as
modified electrodes (29-51). Polypyrrole is perhaps the simplest to prepare of
ali the conducting polymers and has been intensively studied since it w a s
first obtained as a black conducting powder (49). Polypyrrole system is quite
attractive as an electrode material because of its chemical and thermal
stabiüty and the ease of preparation of derivatives having a range of
conductivities.

There are two major routes to the synthesis of polypyrrole and these are via
chemical and electrochemical preparations. The electrochemical route is
convenient because the oxidation of a m o n o m e r solution in appropriate
conditions results in a doped film deposited at the surface of the electrode.
This route also enables a good control of the growth rate and film thickness
to be achieved. Hence, electrochemical synthesis of polypyrrole has been
employed for ali the work described in this project. Polymer growth can be
initiated electrochemically through the application of a constant current or
potential and a cyclic potential scan (50). The influence of various
parameters on the preparation of polypyrrole, polythiophene

and

polyaniline films has been extensively explored (50-58). These include the
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nature of the solvent, counterion, water content, the presence of dissolved
oxygen on the structure, mechanical properties, adherence and conductivity.

The mechanism of electropolymerisation of pyrrole is believed to proceed
via the radical cation of the monomer. This then reacts with a second radical
cation of the m o n o m e r to give a dimer through the elimination of two
protons (29, 37, 44, 59-68). At the potential needed to oxidise the monomer,
the dimer or higher oligomers would also be oxidised. This could also then
react with the radical cation of the m o n o m e r (or the dimer and oligomers
combined with each other) to build up the pyrrole chain.

A large variety of electroanalytical methods including cyclic voltammetry
and various pulsed techniques, have been used in the study of conducting
polymers. Pulsed techniques have proven to be excellent tools for the
evaluation of the kinetics of deposition processes while current-time (i-t)
curves resulting from potential step experiments provide valuable
information on nucleation kinetics (56,64,69). A very popular technique is
cyclic voltammetry in which a potential is linearly scanned u p to a
switching potential and

then reversed to its initial value. M a n y

electrochemical studies favour the use of cyclic voltammetry because it
clearly shows the formation of conducting polymers and also indicates the
potential range of its charging and discharging currents (70,71). However,
impedance measurements have been used to obtain n e w insights into the
charge transfer kinetics and capacitive processes (72,74,75). Scanning electron
microscopy (SEM) (73,77), X-Ray Photoelectron Microscopy ( X P M ) (63,73),
Secondary Ion Mass Spectroscopy (SIMS) (76,74), Spectrochemical techniques
(44,78,79) and in-situ conductivity measurements (80) have ali been used to
obtain information about the behaviour of conducting polymers.
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Conducting Polymers as Sensors - A Review

Some of the application áreas identified for CEPs in the early stages of
research are in battery electrodes, display devices, electronic devices, and
components of solar energy cells and sensors. The possibility of using such
polymers for electroanalytical purposes has stimulated the development of
potentiometric and voltammetric anion-selective sensors (81-83). Another
type of polymeric electrode which responds to changes in concentration of
m o n o m e r in a solution has also been reported (84-86). Tables 1-1 and 1-2
below give an overview of some CEP-based sensors compiled from several
literatures.

Table 1-1:
Examples of CEP-based Biosensors
Biosensor Basis of
Sensitivity
Response
Detection Range
Time
Direçt

Stability

Immobilised Reference
Biomolecule

Measurement

AE Ti
Ai, Pt.

ppb
ppm

minutes
minutes

n.r.
n.r.

AHSA

PP/GOx
Ai, Pt.
PP/GOx
Ai, Pt.
PP/GQx
ALAu
PP/GOx
Ai, Pt.
PANI/Ceruloplasmin Ai, GC.
PP/GQx
AE
PANI/GOx Ai, Pt.
PANI/GOx Ai, Pt.
PP/Urea
AE, Pt.
PP/Dopa* Ai

ppm
ppm
ppm
ppm

minutes
30 min
30 see
2sec

15 min
7days
10 days
5days

GOx
GQx
GOx
GOx

176
94
177
95

ppm
ppm
ppm
ppm
ppm
ppm

minutes
minutes
minutes
seconds
minutes
minutes

30 hours
weeks
> 60 days
n.r.
n.r.
Days

HCIO4

178
158
180
181

PP/IgG
PP/HSA

algG

97
96

Indirect
Measurement

GOx
GOx
GOx
Urease
whole cell

t potential,
n.r. = not reported, *Dopamine
Ai = change in current, AE= change ir,

136,137

134
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Examples of CEP-based Chemical Sensors
Table 1-2:
Basis of
Sensitivity Storage/Use Counterion
Analyte
Sensor
detection
Range
Stability
Ai
ppm
2weeks
Anions
PANI
H2S04
ppm
PANI
2weeks
Ai
Anions
H2S04

POT
PP
PP
PP

Cations
Cations
Anions

AE
Ai
Ai
Ai

ppm
ppm
ppb
ppm

lOweeks
weeks
2 weeks

LiBF4'

DS

cr
cio4-

Reference

103
155
182
179
156
82

2 weeks
Anions
PP = Polypyrrole,
potential, n.r.not
= reported,PANI = Polyaniline,
Ai = change in current, AE = change in
POT = Poly(3-octyl)thiophene.

From the above tables, both the direct and indirect detection methods have
been employed

for the CEP-based sensors comprising polypyrrole,

polyaniline and polythiophenes. Conducting polymers are good candidates
for chemical and biosensors for two main reasons (87):
(a) They are good materiais for the generation of analytically useful signals:
CEPs can be switched between their oxidised electronically conducting
states and their reduced non-conducting states through the application
of potentials. The response signals measured are the changes in current
or electrochemical potential.
(b) They are good matrices for immobilisation of species: C E P s are
generally insoluble. Consequently, the entrapment of specific molecules
that are capable of substrate recognition can be carried out mainly
during the polymerisation process.

During the process of electrochemical doping, negatively charged species
acting as counterions could be irreversibly captured if their sizes are large.
Typical large molecules that have been entrapped within the polypyrrole
matrix are: sulfonated metalloporphyrins or metallophthalocyamines,
heteropolyanions, enzymes and antibodies (88-97). The polymer network
becomes enlarged in the presence of large molecules which act as
counterions and prevent further expulsion of the molecules after dedoping.
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A review of conducting polymer-based sensing applications will now be
considered under the following sub-headings: Ion Sensors, Biosensors and
other sensors.

1.2.2.1 Ion Sensors

Polypyrole (PP) deposited as chloride and perchlorate salts has been
employed for potentiometric sensors of chloride and perchlorate respectively
(81,98-100). "Ion filtering" or m e m o r y effect, was observed in CEP-based
sensors. This implies that a P P film prevented anions of larger sizes from
penetrating the matrix. Hence different permeability of electropolymerized
films could be obtained by controlling their anodic growth (101). The
relationship between the anodic peak current of differential pulsed
voltammograms and the diameter (size) of the electrolyte anions w a s
presented by Shinoahara et ai (102).

In their works on potentiometric sensors for a range of ions, Dong et ai
reported a Nernstian response for 10_1 - IO-4 M Cl" with a slope of 58 - 60 m V
p[Cl_] (98,99). They related the selectivity obtained for the anions to their
ionic radii and charges. The authors have also developed a potentiometric
sensor built from a PP/Cl-coated carbon-fibre microdisk electrode which m a y
be used to detect chloride in vivo (100).

An amperometric electrochemical detector based on the repetitive dopingundoping of polypyrrole has been applied towards the determination of
electroinactive anions by flow-injection analysis (FIA). The current response
at 0.9V versus A g / A g C I of the PP/CIO4 coated electrode was linear over the
concentration range 10 u M -1.0 m M (82,83). These authors proposed that the
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presence of electroinactive ions in solution allows the polymer to be doped
and causes electron flow at the doping potential. Bulky ions, proteins and
polyelectrolytes could be used as mobile phases because they are too big to
enter as dopants. The electrode w a s stable for over two weeks in an anaerobic
atmosphere. Regeneration of the electrode w a s achieved by keeping the
electrode at an undoping potential for 3 minutes. A polyaniline (PANI)modified electrode has also been tested for flow injection analysis of
electroinactive anions (103).

A derivatised a polypyrrole-coated electrode using carbodithioate ligand was
reported by Wallace et ai. in their bid to obtain ion specificity (104). They
demonstrated the application of the poly(pyrrole-N-carbodithioate) electrode
to uptake C u 2 + ions from solution and achieved a detection limit of 1 p p m .
These authors also tested the analytical utility of the electrode towards H g 2 +
detection but the device suffers from very low stability towards potential
cycling (105).

CEP-based sensors have also been evaluated as pH sensitive electrodes.
Pickup et dl. have electrosynthesised poly(3-methyl pyrrole-4-carboxylic) acid
which includes a carboxylate group directly grafted onto the polymer
backbone (106). Wrighton et ai. reported a micro electrochemical "transistor"
based on platinised poly(3-methyl) thiophene which is also a p H sensitive
device (107). The same device based on a PP-grafted pyridinium redox centre
demonstrates a pH-sensitive amperometric response (108).

1.2.2.2 Biosensors

Biosensors based on CEP enzymes have been a topic of considerable interest
in very recent years (109-115). The use of C E P s is useful in this case by
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comparison with other methods of electrode surface modification. This is
due to the ease of deposition and the conductivity of the deposit enabling
easy charge transfer from the outer surface to the electrode by both direct and
mediated electron transfers. CEPs also provide three dimensional structure
at operating potentials where P P is doped as well as an easy functionalisation
by the redox mediator either by covalent grafting or by inclusion of specific
dopants.

In their pioneering works, Umana et ai (93), Foulds et ai (94) and Bartlett et
ai (95,116) have reported on the electrochemical entrapment of glucose
oxidise/FAD ( G O x / F A D ) into P P and poly(N-methyl)pyrrole to build u p
amperometric biosensors. The determination of the apparent MichaelisMenten constant shows that the immobilised enzyme activity is comparable
to those of the enzymes in solution.

The redox properties of conducting polymers have been utilised for amine
detection via the reduction current of thiophene(3-thiophene) carboxyüc
acid copolymer (117). The ascorbic acid, which caused fouling of platinum
but slowly oxidised on glassy carbon, is easily oxidised on polypyrrole (118).
This is probably because, as an anion, it binds with the polymer
electrostatically. The sensor application has been subsequently reported (119).

CEPs have been used for immobilising catalytic systems and a great variety of
functional groups have been introduced into the polymer matrix (120). A
significam example of possible biosensor applications is given by pyrrole N substituted with viologen, which produces a polymer that enables easy
reduction of flavin mononucleotide (121). Direct electrochemical detection
of proteins through their redox centres is generally inhibited as electron
transfer is hindered because of the redox centres that are buried in the
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protein. For instance, glucose-oxidase (GOx) (mol. wt. 150,000) contains onl
two centres of F A D / F A D H 2 coenzymes well covered by glycoproteins.

By contrast, a direct redox transfer on the coenzyme was achieved for the
reduction of pyrrole quinoline/quinone on polypyrrole (122). The process
was reversible and the coenzyme was entrapped in the polymer thereby
keeping its electroactivity. Direct redox transfer on G O x from polypyrrole
was reported (123). It is most likely that the transfer involves the polymer
being engaged with G O x as the process develops around -0.35 V; a potential
where the oxidation of PP occurs after deposition. NADH-dehydrogenase
causes oxidation currents at the PP electrode in the presence of N A D H at
potentials in which N A D H itself is not directly oxidised (124). Therefore, it
has been argued that it undergoes direct redox transfer from polypyrrole.
Direct detection of ceruloplasmin, a copper-based redox protein, has been
reported on polyaniline (125).

A potentiometric detection of H202 has also been reported with the
advantage of reducing the PP matrix degradation (126). This is usually the
case in direct amperometric detection of H 2 0 2 in polypyrrole glucose oxidase
(PP/GOx)

electrode. Taniguchi

et ai. prepared

a

potentiometric

immunoglobulin G sensor by polymerising pyrrole in the presence of
glutaraldehyde and (Bu) 4 N B F 4 on a Pt electrode. The electrode potential was
shifted to the negative direction in the presence of 0 2 and ferricyanide ion.
The change in the membrane potential is linear with the logarithm of the
anti-lgG concentrations in the range of 10 n g / m L to 5 m g / m L (127).

Smyth et ai. prepared an amperometric antigen-antibody (Ab-Ag) sensor by
polymerising pyrrole electrochemically in the presence of anti-human
serum albumin ( A H S A ) (128). The antibody was physically entrapped in the
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polymer m e m b r a n e during polymerisation. The C V of the polypyrrole
electrode with A H S A changed w h e n the C V procedure was performed in the
presence of HSA(128). A n e w peak was found and the authors ascribed it to
the binding of the antigen to the immobilised antibody.

Very recently, an amperometric detection of H202 was carried out by
immobilising peroxidase onto the surface of a P P film deposited on a carbon
electrode substrate (129). Similarly, N A D H dehydrogenase/PP electrode was
tested with the use of ferrocene derivative mediators (130). Entrapment of
flavinmononucleotide as a dopant anion in polypyrrole has also been
reported (131). Co-deposition of cholesterol esterase and cholesterol oxidase
have been achieved in a single step using polypyrrole (132). A theoretical
model for CEP-based enzyme electrode with product detection on the surface
(133) and in the bulk of the conducting polymer was developed.

Entrapment of whole banana cells in a polypyrrole film electrochemically
deposited on a gold electrode has been reported for the measurement of
dopamine and related catecholamines (134). Voltammetric behaviour of
some neurotransmitters (namely norepinephrine, L - D O P A , epinephrine,
and dopamine) were also detected using conducting polymer electrodes
(135). Electrocatalytic "effíciency" of the polymer electrodes was reported to
decrease in the order of poly(3-methyl)thiophene (P3MT), poly(NmethyDpyrrole ( P N M P ) , polyaniline (PANI) and polyfuran (PF). Detection
limits as low as 10"8-10"9M were achieved using the P 3 M T electrode.

Other workers have reported on the use of a polypyrrole-based biosensor in
the determination of urea using immobilised urease in a polypyrrole film
(136,137). A Nernstian response was observed for increasing concentration of
urea in the linear range of 0.5-100 m M .
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Other Sensors

Conducting polymers have also been employed in the sensing of gases,
humidity and radiation. Nylander et ai were the first to evaluate the use of
CEPs as sensitive components in chemical sensors (138). Their work was
based on the redox interaction of the C E P with some gases, resulting in a
straightforward conductance measurement of gas sensor response over
several orders of magnitude (138). Other workers have utilised polypyrrole
films for gas sensing (139-143 159,160). Polythiophene (144), poly (pphenylene vinylene) (145-147), poly(p-phenylene) azomethine ( 0 - C H = N - 0 N=CH-)n, P P / C N , polyfuran (150-157) and poly(3-methyl)thiophene (107)
have also been used for the detection of gases. CEP-based sensors have also
been proposed in a potentiometric sensor for ethanol which operates as a
field-effect transistor (FET) that senses changes in the work function of the
polymer (148,149). Polyaniline coated on a four-probe electrode device shows
a gas-sensing response to methanol, ethanol, acetone and acetonitrile
vapours in nitrogen carrier gas (148).

1.2.3 Limitations of Conducting Polymer Sensors

There is a growing interest in the utiüzation of various kinds of conducting
polymers to modify the physico-chemical properties of electrodes for use in
flow-injection analysis (FIA) and liquid chromatography (LC) (161,162).
Electrodes coated with C E P films have been chosen because of the sensitivity
of their electrochemistry to the presence or absence of selected ions in
solution.

It has been shown that polypyrrole is a suitable médium for the
immobilisation redox enzymes. This happens through entrapment during
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the production of the polymer by electro-oxidation from pyrrole and enzyme
containing solutions (93-95). Researchers generally believed that the
combination of the selectivity and sensitivity of the enzyme with the novel
electrochemical properties of conducting polymers could give rise to a
powerful analytical device.

However, the general application of CEP as an active component of chemical
sensors has been limited by the various problems which have inhibited its
proper utilisation as sensors. S o m e electrochemical sensors, particularly
biosensors, rely on the ability to control an electrode surface over a greater
potential range. This is rarely the case with conducting polymers because in
the application of these polymers as sensors, their dynamic nature has
resulted in a n u m b e r of problems during electrochemical cycling w h e n a
constant (and possibly a controllable) electrode surface is required (163).

The dynamic character of CEPs arises from the fact that they can be oxidised
and reduced according to equation 1-1 below through the application of
potentials:

{Of**-{Pf
H

....(1-1)
where C" is the counterion which is released into solution u p o n the
application of the potential. This process induces changes in the resistance,
current or electrochemical potential of the electroactive material (164) and
these inherently prevent the production of a reproducible electrode surface.
It has also been s h o w n that the change in polymer conductivity is an
exponential function of the applied electrochemical potential (165-168).
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Problems associated with the use of conducting polymers as sensors and
attempts to overcome them are discussed below.
1.2.3.1 Poor Electrochemical Stability

An important criterion for judging the usefulness of an electrode material is
the range of stability of the electrode material itself against irreversible
reduction or oxidation (169). Cycling of polypyrrole in aqueous solutions to
potentials more anodic than about 0.7 V results in irreversible oxidation of
the polymer film (169). Thus the value of the P P as an electrode material is
determined by its efficient oxidation and reduction of species in solution
w h e n confined to its stable operating potential range.

The stability of the CEP is an important factor for possible applications
(170,171). Electrochemical stability represents the most criticai aspect in the
applications of polymer electrodes (172). C E P based sensors have been s h o w n
to be unstable towards oxygen and potential cycling (173,174). Y o n g Fang et
ai. related the stability of conducting polymers to their redox potentials based
on the principies of electrochemistry (175). In the method of U m a n a et ai.
(93), the polypyrrole modified glucose sensor lost its activity with time, and
after one week the response had already decreased by an order of magnitude.
W h e n using a polymer electrode, it is important to prevent overoxidation
during the actual measurement. The potential of the electrode can easily be
controlled by a potentiostat so as not to allow the potential to exceed 0.7 V
(169). However, the surface m a y become overoxidised by strong oxidising
compounds w h e n exposed to these chemicals thereby resulting in gradual
degradation of the polymer film and lowered electrochemical activity.
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In Tables 1-2 and 1-3, s o m e notable parameters including the stabilities of
conducting polymer sensors were highlighted. Stability of "days" have been
recorded for conducting polymer sensors with the exception of poly (3octyl)thiophene where stability of 10 weeks w a s recorded (see Tables 1-2 and
1-3). The authors attributed the relative stability of polythiophenes over
polypyrrole (183) to their stability to 0 2 in their undoped state. Thus the
electrochemical stability represents the most criticai aspect in the application
of conducting polymer electrodes.

Bartlett et ai (95) investigated the stability of polypyrrole glucose oxidase
(PP/GOx) electrode by measuring the calibration curves for the electrode
over a period of 5 days. Over this period, the response decreased by 5 % of its
initial value and the electrode failed w h e n it became detached from the
platinum surface. Shaolin et ai recorded the storage and operational stability
of polyaniline film electrochemically deposited on a platinum foil by
measuring the current responses (180). They reported that the current
responses decreased by 6 0 % in the acetate buffer and 5 0 % in phosphate buffer
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with the electrode life time of about 60 days recorded in either of these two
buffers. U m a n a et ai (93) tested the stability of a P P / G O x electrodes by making
a series of glucose injections. They reported that the rate of enzymatic
reaction diminished with each successive injection from 1.2 m A / m i n in the
first glucose determination to approximately 0.2 m A / m i n in the sixth
determination. However, these changes slowed d o w n with longer term use.
By the end of 1 week, the electrode response w a s still measurable, but the
current response (< 0.03 m A / m i n ) had diminished by an order of
magnitude.

In the application of polypyrrole as ion-detectors, Heineman et ai (83)
reported that the stability of the polypyrrole electrode gradually reduces with
time even though the electrode still retains its activity for about 2 weeks.
They suggested that the sensitivity and the stability of the polypyrrole
electrode should be improved by rigorously avoiding exposure of the film to
air by polymerising the film and assembling it in the detector system and
maintaining it under a N 2 -gas atmosphere.

Karube et ai related an improvement in the stability of a PP modified
enzyme electrode for the analysis of glucose to a lower electrochemical
potential (177). A n improvement in stability of over 10 days w a s recorded by
Bertlet et ai as against the 7 days previously reported for P P / G O x electrode
(94). In the work of Galai et ai on the detection of s o m e organic and
biological molecules at conducting polymer electrodes, it w a s noted that
there are some disadvantages such as poor stability and relatively slow
response from the analytical point of view (135). From the foregoing, it has
become obvious therefore that the electrochemical stability which represents
the most criticai aspect in the use of polymer electrodes needs to be
improved.
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N e e d for Regeneration

PP electrodes become irreversibly oxidised by exposure to oxygen (173, 174).
In the application of P P electrodes in FIA, s o m e provisions had to be m a d e
for the discharge of the anions accumulated during the course of repeated
exposures in order to maintain a constant analytical response for a series of
anions. In their pioneering work on the detection of electroinactive species
using P P in FIA, Heineman et ai suggested that the doping/dedoping of the
electrode can be achieved by stepping the potential to -0.3V for regeneration
after a current response at 0.9V (82,83). More recent studies have s h o w n that
at this potential, the polypyrrole electrode is expected to be overoxidised
(169).

Using a similar approach for coated electrodes as described by Heineman
(82,83), W a n g et ai upheld the discharge procedure on the regeneration of
the electrodes for higher analytical concentrations of anions and observed
that this procedure w a s not necessary for the flow system analysis of lower
concentrations of anions (161).

In a recent work reported by Martinez et ai on the detection of cations using
polypyrrole dodecyl sulphate (PP/DS) electrodes, it was also observed that it
is necessary to regenerate the electrode in order to obtain stable signals upon
injection of different concentrations of ions studied (179). The authors
applied the regeneration procedure reported earlier by Baldwin and coworkers on the regeneration of the electrode (103,178). This procedure
involves the use of an applied potential close to the formal potential of the
polymer electrode where both the reduced and oxidised forms of polypyrrole
co-exist. They also observed that cations do not accumulate on the electrode
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under these conditions and that the analytical signal showed positive and
negative peaks while the baseline w a s not so stable.

Wallace et ai. prepared a PP-based silver sensor by preconcentration of the
silver ions (184). The polymer w a s designed so as to have similar silver
uptake characteristics with each run. However, attempts to regenerate the
electrode were unsuccessful. According to the authors the problem appeared
to be due to the fact that the trapping reagent was readily subjected to ion
exchange processes between the polymer and the solution thus resulting in a
polymer surface that is different with each determination. From the above
stated examples of the applications of P P as sensors in ion-analysis, the
regeneration of the electrode is necessary and this represents one of the
limitations of the polymers as sensors.

1.2.3.3 Poor Selectivity

In a recent review on the use of conducting polymers as sensors, Bidan
indicated that "while conducting polymers were attractive candidates for
chemical and electrochemical sensors, the real progress in applying them as
sensors might be accomplished by overcoming their slow degeneration and
lack of selectivity" (164). The author also observed that the "selectivity
obtained for CEP-based sensors to date were low and the response curves
were not linear".

In raising the selectivity of polymers on modified electrodes, Wang et ai.
reported the adoption of multicomponent complex systems based on the
combinations of ion-exchange function and size-exclusion, and the cooperation of ion exchange with complexation (98,185,186).

Another

suggested w a y of improving selectivity was the functionalisation of the C E P
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by specific interacting groups (187-191). Bromo-substituted thiophene has
been reported to be specific to bromine vapours (192,193). In a work reported
by D o n g et ai on the development of an electrochemical microsensor for
chloride (102), the authors reported various selectivity coefficients for
various anions and concluded that the electrode w a s not particularly
selective for chloride and that several ions caused considerable interference.

Ivaska and co-workers reported on the application of polythiophene
polymer electrodes and considered their response to several cations (182).
They observed that the selectivity of the electrodes w a s poor even though
small differences in slopes could be observed. Then it was concluded that an
incomplete discrimination between anions and cations seemed to be quite
general for conducting polymers. This resulted in a mixed ionic response.
The low selectivity of polythiophenes obtained in s o m e of the studies
(182,194) indicated that the binding sites in these polymers were rather nonspecific for anions and the electron-donating S-atoms for cations. They
concluded that the "low selectivity would naturally limit the use of these
polymers as specific cation sensors".

In conclusion, the problems associated with the application of conducting
polymers could be related to their inadequate stability, the need for
regeneration of the electrode materiais in their use as ion-sensors, and poor
selectivities. These problems are directly related to the dynamic character of
the polymers and leads to changes in the chemical activity of the polymers
under different electrochemical and chemical conditions. In order to
overcome the problems associated with the dynamic nature under an
applied electrical potential, signal generation strategies that allow the
understanding and control of the chemical properties of the polymers must
be considered.
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ELECTROANALYTICAL MEASUREMENTS IN FLOWING
SOLUTIONS

Sensors are only a part of the total information collection process. In
acquiring the information contained in the sensing systems, it m a y be
necessary to perform some additional operations such as sampling, sample
handling, addition of various reagents, data handling, and incubation (7).
These additional operations m a y or m a y not involve the sensor itself, but
the operations are performed in order to achieve some particular advantage.
The data could be obtained through discrete or continuous steps. There are
advantages and disadvantages in using the sensor in either of these ways.
The choice between the discrete or continuous m o d e is usually determined
by factors which depend on the requirements of the measuring conditions
(7). The hardware necessary for those operations m a y include soleniod
valves, p u m p s , fluidic switches, injection valves, and column.

Ali these

parts are arranged so that certain continuai operations can be performed
precisely and in a correct sequence.

A range of methods exist in literature that can be used for continuous or
discrete measurements in flowing liquids (195-198). Instrumentation for
these kinds of measurements can be classified into: (i) Laboratory industrial
analysers, (ii) Continuous analysers and analysers of discrete analyte zones
in flowing liquids (analyte zone detectors). The analyte zone detectors can be
further divided into segmented-flow analysis, flow-injection analysis and
chromatographic detection. This division is based on the basis of the
working technique. The work reported in this project will primarily discuss
flow injection analysis (FIA) and chromatographic detections.
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FIA is a type of flow measurement used primarily in rapid analysis of simp
systems (195-198). D u e to its simplicity, the FIA technique is more readily
applied in electrochemical detections. FIA is based on the concept of
controlled dispersion that allows reproducible development and subsequent
chemical reactions on an injected sample zone. O n injection, a sample plug
disperses into the carrier stream with simultaneous dispersion of the reagent
into the sample zone. Through this mutual dispersion, a sample profile is
developed which is unique to the FIA system employed (198). The
magnitude of the response curve for similar samples is usually a linear
function of the sample's concentration.

The operation of a sensor may involve an additional separation step referr
to as chromatography. Liquid chromatographic detectors are designed for use
with columns operated at high pressure and so the process is k n o w n as
"High Performance Liquid Chromatography" (HPLC).

Electroanalytical methods involving convective mass transport of reactants
and products are sometimes called hydrodynamic methods. This involves
the measurement of limiting currents (or i-E curves) called hydrodynamic
amperometry and voltammetry.

In hydrodynamic measurements a steady state is attained quickly.
Measurements can be m a d e with high precision at steady state while double
layer charging does not enter the measurement. Also, the rate of mass
transfer at the electrode surface is m u c h higher than the rate of diffusion.
Therefore the relative contribution of the effect of mass transfer to the
measured current is smaller.
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Hydrodynamic methods are particularly useful for the continuous
monitoring of flowing liquids in liquid chromatography (LC) and flow
injection analysis (FIA). Figures 1-2 below depict these basic concepts. In
Figure l-2(a), an electrochemically active substance passes over an electrode
held at a sufficiently positive or negative potential. A redox reaction (Figure
l-2b) supplies electrons to the electrode (or removes from the electrode) and
the quantity of current generated depends on the concentration of reactant
(Figure l-2c) passing through the cell. The ratio of the current generated to
concentration of the analyte present is called sensitivity. The sensitivity
depends on (a) mass transfer; the transport of matter from the bulk of
solution to the electrode surface and (b) charge transfer or electron transfer;
the likelihood of a reactant undergoing electron transfer once present at the
electrode surface. The factors which determine whether electron transfer
will occur or not is determined by the thermodynamics and kinetics of the
reaction.

t

t

/
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o + ne ^= ^ x
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t

Figure 1-2: Schematic view of thin-layer amperometric detection. Current recorded is a reflection of the rate
ofconversion of reactant (O) to product (X). Where C is the concentration of the reactant.

Electrochemical detectors cells are generally classified into two main
categories, those in which ali (100 % ) the analyte flowing through the cell are
completely (coulometric detectors) electrolysed and those in which only a
small portion (about 1-10%) of the analytes are (amperometric detectors)
electrolysed. There are different types of amperometric detectors: thin layer,
tubular and wall-jet cells have been the three most extensively studied cell
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geometries (199-214). Limiting currents under steady state conditions have
been derived on the basis of hydrodynamic principies (202). It is usually
assumed that the liquid flow is laminar and that the rate of the
electrochemical process is controlled by mass transport alone.

Some parameters must be defined in order to evaluate the performance of
various flow detectors and to compare the results. The principal criteria of
detector performance is as follows:
(a) Sensitivity (S) refers to the ratio of the currents generated Ai to the
analyte concentrationMc) at a given point in the range of analyte
concentration covered by the detector (199).
S=£
(1-2)
Ac
i.e, sensitivity is the slope of the calibration plot at a given point. The
measurement should exhibit the highest possible sensitivity.

(b) Noise: Represents an undesirable random component of the measured
signal which must be as low as possible. In an ideal detector, the signal
measured should be zero in the absence of the analyte. Whereas, in a
real detector, the signal measured consists of the actual signal (i.e. the
response to the analyte) and of several other components that make up
the background (baseline). That part of the baseline that is not
randomly changing is subtractable.

(c) Limit of detection (LOD) relates to the sensitivity and the noise. It is
given statistically in terms of the concentration or amount of the
analyte. L O D can be defined in terms of a multiple, k by estimating the
standard deviation of the noise, an (199) from the equation:
LOD = ^

(1-3)
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(d) Reliability of the measurement is expressed in terms of the precision
and accuracy obtained by well-known statistical methods (216-218).

(e) Linear Dynamic Range: The linearity of the response signal to the
concentration of analyte over a wide analyte concentration range is a
desirable characteristic in a detector. If the detector response R is
expressed in terms of the analyte concentration (Sc) by the equation:
R = S*

(1-5)

then the dynamic range is the concentration interval for which x is not
equal to zero, (i.e. an interval within which a change in the analyte
concentration produces a change in the signal). In an ideal case w h e n
the dynamic range is linear at x=l; the linear dynamic range is usually
defined as the interval for which 0.98 < x < 1.02 (199,217).

(f) Selectivity: The selectivity of a measurement expresses the ability of a
sensor to respond to a particular substance relative to the interference
from other substances present in the test system. A sensor is said to be
specific if no substance other than the particular analyte produces a
response.

(g) The dynamic property of a detector is the ability to follow changes in
the concentration of the analyte. For an ideal sensor, the signal is a
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function of time and an accurate response to the variation with time of
analyte concentration in the sample. A real detector deviates from the
ideal behaviour due to the limited response rate of the sensor, the
electronic circuitry, and the distortion of analyte concentration profile
in the test liquid during the passage of the sample from the sampling
point to the sensor itself (199).

1.4 ELECTROCHEMICAL TECHNIQUES EMPLOYED IN THIS WORK.

1.4.1 Pulsed Amperometric Detection: Theory and Basic Principies

Background: Rapid fouling of electrodes is the most common observa
reported for anodic detection at solid electrodes, especially at platinum (219222). This is particularly attributed to strong adsorption of reactants and or
free-radical reaction products.

The use of waveforms comprising of alternating positive and negati
pulses have been found to be effective for the reactivation of noble metal
electrodes that have become completely or partially fouled by adsorption of
organic impurities from solutions of supporting electrolytes. Pulsed
waveform was applied for reactivation of platinum electrodes by Hammet
in 1924 for the anodic oxidation of hydrogen (223), and by Armstrong et ai. in
1934 during studies of the cathodic reaction of oxygen (224).

The use of pulsed waveform to facilitate electroanalytical detecti
metal electrodes have been used by several workers for electrochemical
detection in flow injection and chromatographic systems. In 1973,
Macdonald and Duke demonstrated greater reproducibility for the detection
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of p-aminophenol at Pt electrodes using pulsed waveforms (225). A pulsed
waveform was also used to produce greater reproducibility for the cathodic
detection of the inorganic species Fe(III) and Cu(II) at Pt electrodes by Stulik
and Hora in 1976 (226). In 1981, Hughes et ai applied pulsed waveforms at Pt
electrodes for the detection of simple alcohols in a flow injection system
(227,228). The analytical importance of pulsed waveforms at noble metal
electrodes was systematically developed at Iowa State University in 1981 by
Johnson et ai. (227,229).

Pulsed waveforms applied at Pt and Au electrodes have since been used for
the electrochemical detection of a large variety of polar aliphatic
compounds. Reproducible and sensitive anodic detections of ali alcohols
and glycols (230), ali sugar alcohols and carbohydrates (231-234, aliphatic
amines and amino glycosides (235,236) as well as a variety of sulphur
compounds (237,238) have been successfully carried out using pulsed
waveforms. Also, Fleet and Little (239), V a n Rooijan and Poppe (240), Ewing
et ai. (241), Berger (242) and Tenygl (243) have ali successfully applied pulsed
waveforms to carbon electrodes for the purpose of stabilising surface activity.

1.4.2 Basis of Amperometric Response at PAD

Pulsed Amperometric Detection (PAD) uses multiple potentials appüed in a
repeating sequence. In a pulsed mode, current is measured only during a
short sampling interval as against in a single potential m o d e where current
is constantly measured. Pulsing or stepping the potential to an
approximately more positive or negative range allows the removal of the
reaction products that would normally have caused electrode fouling. A
multiple step potential waveform normally employed in P A D is s h o w n in
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Figure 1-3. T h e sampling of the electrode occurs near the end of the
detection period (ti) and potential (Ei).

csp
>
LU

Figure 1-3: A Pulsed Amperometric Detection waveform, shorving £2 as the base potential; Ej, detection
potential; t^ pulse interval; ti, pulse duration; tcsp, current sampling time. The current is measured 16.7 ms at
the end of pulse.

Rapid fouling of electrodes is a c o m m o n problem normally encountered in
anodic detection at solid electrodes especially Pt (219-221). This electrode
fouling is usually attributed to strong adsorption of reactants and/or freeradical reaction products. Free radicais at high concentration in the diffusion
layer m a y sometimes undergo polymerisation reaction with subsequent
coverage of the electrodes by adherent polymeric films (221). The presence of
organic c o m p o u n d s at trace leveis in purified solvents m a y be the cause of
the observed losses in electrode activity (221,222).

Pulsed amperometric detection (PAD) applied for anodic detection at Pt
electrodes is based on the assumption that the faradaic signal for oxidative
desorption of organic compounds and free radicais is applicable for
quantitative detection of ali organic compounds which can adsorb at a Pt
surface.
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In the anodic formation of surface oxide at platinum electrodes, it is
commonly concluded that the first step corresponds to the reversible
generation of adsorbed hydroxy radicais (243-246). This is foüowed by an
exchange of the hydroxyl radical and the platinum atom to produce a
voltammetric hysteresis (247-251). A further oxidation step generates the
oxide phase. The anodic generation of the oxide phase is very effective in
achieving the oxidative desorption of adsorbed organic and inorganic species
(219,222,243). The current for oxide formation at a platinum electrode
foUowing a positive step in the appüed potential is empirically given by:
*ox = cn/t

(1-6)

where c is a rate constant proportional to electrode área, TJ is the applied
overpotential for oxide phase formation (E - E°), and t is the time (252). A n y
adsorbate is expected to cause a change in the constant crj in equation 1-6
and therefore be detected by P A D . Polta and Johnson (253) demonstrated the
detection of C N " and Cl" by P A D at detection potentials at which these
adsorbed ions are not electroactive. A n y adsorbate should be easily removed
at a potential 100 - 300 m V beyond the value for onset of significant anodic
break d o w n of H 2 0 .

An alternative form of pulsed detection involving electronic integration of
amperometric signals w a s originally called "Pulsed Coulometric Detection
(PCD)", however, the n a m e "Integrated Pulsed Amperometric Detection
(IPAD)" is n o w applied. "Pulsed Electrochemical Detection (PED)" is a
generic title for ali detection strategies based on the application of multistep
waveforms regardless of the specific form of signal measurement (254).

An improvement in the S/N ratio has been achieved by the integration of
the amperometric signal over an integer number (n) of 16.7 m s periods (254).
This is the basis of I P A D and typicaily, n = 12, ie. tcsp is approximately 200 ms.
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The output signal in PAD has the units of current (C/s), whereas the output
signal in I P A D has the units of charge (C). A n average current signal in
I P A D can be estimated by dividing the charge by tcsp. The main difference
between P A D

and P C D is in the instrumental protocol related to

measurement of the faradaic signal. In P A D , electrode current is averaged
over a time period of 16.7 m s (ie. 1/60 Hz" 1 ) whereas in P C D the
amperometric response is electronically integrated over an integral number
of sequential 16.7 m s periods (255). Consequenüy, S / N ratio in P C D is higher
because of larger signal strength and because the integral of a 60 H z
correlated noise signal remains zero over the integration period. In P A D , the
amperometric response corresponds approximately to the average of the
faradaic current during the period ts = 16.7 ms.

TheoreticaUy, the sensitivity of pulsed amperometry is usually greater than
that of D C amperometry (256,257). The detection potential in P A D is applied
for a short period, hence a reduction in the time during which the electrode
reaction takes place. This implies a thinner diffusion layer and a higher
signal due to the proportionality of the current versus the concentration
gradient. There are two main advantages of pulse techniques. First, an
improvement in the selectivity compared with that of direct current (DC)
amperometry. Selective detection of compounds can be carried out in the
presence of others using differential pulse measurements (258-260).
Secondly, the electrode fouling is greatly reduced (261,262). This is because in
pulsed amperometry, the detection pulse is of short duration, thus minimal
exposure to the reaction products is obtained and consequenüy, electrode
stabiüty is improved.

Page 36

General Introduction

1.4.3

Cyclic Voltammetry

In Cydic Voltammetry the potential is scanned linearly from an initial value
Ef to a final value and then back to E{. This potential waveform is illustrated
in Figure 1-4.

Time (see)
Figure 1-4: Triangular waveform for cyclic voltammetry.

In the Figure 1-5, the current is the response signal to the applied potential.
The voltammogram is a display of current (vertical axis) versus potential
(horizontal axis). The Figure shows a typical C V , obtained at a platinum
working electrode, for 1.0 m M K 3 Fe(CN)6 as the electroactive species in
water with 1.0 M N a N 0 3 as the supporting electrolyte.
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Figure 1-5: Typical cyclic voltammogram. ofl.O mM K£e(CN)6
electrode. Scan rate =100 mV/s

in 1.0 M NaN03

on bare platinum
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The initial potential is chosen to avoid any electroreduction of Fe(CN)é3"
w h e n the electrode is switched on. This is then scanned cathodically and the
following reaction occurs:
Fem(CN)63- + e -> Fen(CN)64- (1-7).
The reverse reaction occurs when the potential is re-scanned in a positive
direction:
Fen(CN)64- -» Feni(CN)63" + e (1-8).
Thus the forward scan generates Fen(CN)64" while the reverse scan generates
Fe m (CN)6 3 - - Cyclic Voltammetry is therefore capable of generating a n e w
oxidation state during the forward scan while monitoring the pathway of the
generated species during the reverse scan.

The important parameters of a cyclic voltammogram are the magnitudes of
the anodic peak current iipox), the cathodic peak current üpred), the anodic
peak potential (Epox) and the cathodic peak potential (Eprefj). O n e method for
measuring i involves extrapolation of the baseline current as s h o w n in
Figure 1-5. A redox couple in which both species are stable and rapidly
exchange

electrons

with

the working

electrode

is termed

an

electrochemically reversible couple. The formal reduction potential (E°) for a
reversible couple is centred between Epox and Epre^:
Po,+EPr.d

E

EQ=

(1.9)

2
The n u m b e r of electrons transferred in the electrode reaction (n) for a
reversible couple can be determined from the separation between the peak
potentials:
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AEp = E^x ' Epred = ~ (1-1°)
Thus, a one-electron process such as the oxidation of F e 2 + to F e 3 + should
ideally exhibit a AEp of 0.059 V. The peak current for a reversible system is
described by the Randles-Sevcik equation (263-265) for the forward sweep of
the first cycle as:
ip = 2.69 x l&n3!2
where

(1-11)

ip is the peak current, (amperes); n is the electron stoichiometry,

(eq/mol); A
v

AD1'2 Cv1'2

is the electrode área, (cm2); C is the concentration, (mol/cm3);

is the scan rate, (volts/sec). According to this equation, ip is proportional

to v112 and also proportional to concentration.

1.4.4 Alternating Current (AC) Voltammetry
In AC voltammetry, a small amplitude (10 mV or 30 mV) alternating
potential is superimposed on a D C r a m p voltage. At those r a m p potentials
where a redox reaction occurs, the superimposed sinusoidal alternating
voltage produces a periodic change in the concentration of the oxidised and
reduced forms at the electrode surface. Hence an alternating current results.
There is no faradaic alternating current unless both the oxidised and reduced
forms are present simultaneously at the electrode-solution interface. The
purpose of D C potential is to provide the reduced and oxidised forms at the
electrode surface.

1 O/A)

_
^
E (V)
x
I ime,s
^
'
Figure 1- 6: waveforms of the excitation signal for sinusoidal AC voltammetry (a) and a typical AC
vottammovram.
Timíl
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Figure 1-6 is a typical A C voltammogram. Faradaic alternating current is zero
at D C potentials where no direct faradaic current flows. The shape of the A C
voltammogram can vary greatly with the kinetics of the electron transfer
reaction. For an ideal reversible reaction, a well-formed symmetrical A C
voltammogram is obtained. For systems which exhibit irreversible D C
voltammograms, either no A C voltammogram is obtained, or at best, a
broad unsymmetrical w a v e results. A C voltammetry is, therefore useful in
the study of electron transfer kinetics.

In AC voltammetry, the faradaic alternating current is a function of the
concentrations of the reduced and oxidised forms at the surface. The
diffusion gradient caused by the application of a D C potential has no effect on
the A C current because the alternating concentration gradient is essentially
confined to the electrode surface and does not extend appreciably into the
solution.

The faradaic alternating current [i(cot)] resulting from the application of a
alternating potential (Eac) is given by:
n

^2AE

c

U2 0 l/2

p(P)

/?r[í/1/2 + exp(P) 1/2 ]
for the limiting low frequencies, and by:

=

jF2ABacÇK9«m-a)P\
*

(1.13)

/?TOl/2+ exp(P)]

for the limiting low frequencies, where co is the sinusoidal frequency of the
applied potential, P is InFEJRT],

d is the ratio of the diffusion coefficient of

the reduced and oxidised forms Dr/D0 while Ks is the heterogeneous rate
constant at standard state, a is the electron transfer coefficient, and other
symbols have their usual meanings. These equations are applicable for
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The current is also a linear function of Eac w h e n the amplitude of the applied
modulation is small, i.e. Eac < 10 m V peak-peak. The current also increases
with co1/2 at low frequencies, but is dependent on Ks and a at the higher
frequencies.

The total alternating current flowing during an experiment consists of
faradaic and capacitive components. The capacitive component results from
the charging of the double layer region while the faradaic component results
from the charge transfer at the electrode-solution interface. The faradaic
component behaves somewhat like a non-linear resistive element and the
double-layer capacitance as a capacitor. A s in any R C network, an alternating
signal undergoes a phase shift. In A C voltammetry, the capacitive current
component is 90° out-of-phase with the input voltage (263-265). The
magnitude of the capacitive current is determined primarily by the
parameters of the electrode and the characteristics of the double layer and is
unchanged as the concentration of the substance of interest is lowered.

1.4.5 Chronoamperometry

Chronoamperometry involves the stepping of the applied potential from an
initial value Ej to Ef and then measuring the accompanying current as a
function of time for an electrode in an unstirred solution. If the potential is
then stepped back to Ej after time T, the technique is termed double-potential
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step chronoamperometry. A double potential step excitation signal and
typical current response are s h o w n in Figure 1-7:

Ef

U*Time

Time

(a)

(b)

Figure 1-7: Potential excitation signal (a) and chronoamperogram
chronoamperometry.

(b) for double potential step

In a typical experiment the potential is stepped from a value at w h i c h n o
redox process occurs at the electrode (i = 0) to a value at which a diffusioncontroUed reduction or oxidation occurs.

A s s h o w n in Figure 1-7 the

potential step initiates current d u e to the electrolysis needed to change the
ratio of the reduced-to-oxidised species. T h e current decays as the electrolysis
proceeds to deplete the solution near the electrode of electroactive species.
This current response is described b y the Cottrell equation (263-265) for a
planar electrode:
i =

where i is the current, (amperes); n
(eq/mol); F

.(1-14)

-jnjrr

= n u m b e r of electrons per molecule,

is the Faraday's constant, 96 485 (C/eq); A is the electrode área,

(cm2); C is the concentration of C, (mol/cm3);
of O , (cm2/s); t is the time, (see)

D is the Diffusion coefficient
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1.4.6 Chronopotentiometry

Chronopotentiometry involves the application of a constant current pulse
the working electrode (Figure l-8a) and measuring the resulting potential
with time (Figure l-8b). The application of the current induces the
oxidation/reduction of the electroactive species at a constant rate.
Consequenüy, the potential of the system changes in order to reflect the
changes in concentration of the redox species. During the application of the
constant current, the amount of charge passed can easily be controlled by
monitoring the time. Since the current magnitude is constant, Q (the
amount of charge passed) is readily obtained from the equation: Q = it.

i

t

t

(a)

(b)

Figure 1-8: (a) Current waveform and (b) Potential versus time response for a chronopotentiometric experiment.

The work reported here involves the use of constant current techniques for
the electrochemical deposition of polymer films.

1.4.7 Normal Pulse Voltammetry

Normal Pulse Voltammetry (NPV) consists of a successive pulse excitation
waveform of gradually changing amplitude. Initial potential is usually
chosen in a region where none of the sampled components are
electrochemically reactive and is applied in-between the pulses. The
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waveform and current sampling routine employed with N P V are shown in
Figure 1-8 below:
Sampling Time
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Figure 1-8: Excitation signal in NPV showing the pulses and current sampling routine

E(V)
Figure 1-10: Typical voltammogram

obtained with Normal Pulse Voltammetry.

The current is usually sampled at the end of the forward step. The differe
between successive sampled currents is plotted as a function of potential.
N P V experiments usually results in sigmoidal responses showing the
oxidation or reduction of the analyte of interest.

1.5

A I M S O F T H E P R O J E C T A N D S T R U C T U R E O F T H E THESIS

Although conducting polymers have been studied and several applications
have been proposed in many áreas including sensors, their use as sensors
has been severely hindered.

This is because the realisation of

commercially viable and analytically useful sensors relies on the ability to
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produce selective, environmentally stable and reproducible analytical
signals. This has hitherto been unrealised with conducting polymers due
largely to their dynamic nature and the lack of sufficient understanding of
the chemical and electrochemical processes occurring with the use of these
materiais.

Therefore studies involving the elucidation of the mechanism of signal
generation and the production of analyticaüy useful signals with conducting
polymers are of interest in present research and development. The general
aims of the research project were:
(i)

T o understand the mechanisms of signals obtained with the use of
conducting polymer sensors.

(ii) T o explore n e w ways of production of reproducible analytical signals
with the use of conducting polymers.
(iii) T o explore the reaction chemistry of immobilised antibodies and
inorganic ions for the purpose of developing rapid, reliable and in-situ
reversible sensors using conducting polymers.

Polypyrrole (PP) was chosen for this study due to the foüowing reasons:
•

Widely used for sensing purposes.

•

Ease of deposition.

•

Relatively stable in c o m m o n solvents.

•

Avaüabiüty of a wide background of information.

•

Flexibiüty of growth conditions.

The work described has been spüt into three parts:
(i) Signal generation and mechanism of generated signals
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(ii) Development of reversible antibody containing biosensors based on
CEPs and their practical applications.

(iii) Development of a tunable electrochemical detector for Ion
Chromatography based on the use of C E P s and its practical applications.

1.7 THE AIMS AND APPROACH FOR EACH PART
Parti: The aim here was to generate analytically useful signals of
polypyrrole to be used in sensing applications. The use of polypyrrole has
been investigated by several workers, but the intrinsic dynamic properties of
the polymers has resulted in the development of sensors having signals
that are unstable and having poor selectivity. In this work, the application of
various potential w a v e forms w a s investigated using polypyrrole after
synthesis. S o m e physico-chemical properties of these polymers were studied.
This part includes chapters 2,3, and 4. Mechanisms of signal generation were
elucidated using a range of techniques.

Part 2: This part aimed to investigate the feasibility of developing new
immunological sensors for use in clinicai, food or environmental
applications. Such investigation is of interest due to the features presently
available electrochemical immunosensors which cannot be provided by
present biosensors. It is possible to control the interactions of antibody with
its corresponding antigen through the application of novel pulsed potential
technique. Sensitivity, reversibility and hence re-useability of the rapid
sensing device through the use of conducting polymer immobilised
antibody electrodes were discussed. The use of novel signal generation
methods was applied to the development of h u m a n serum albumin (HSA)
and thaumatin biosensors. This is presented in Chapters 5 and 6.
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Part 3: The aim of this part was to manipulate the selectivity and sensitivity
of polypyrrole modified electrodes employed as an amperometric detector in
ion chromatography (IC). The development of conducting polypyrrole
electrodes and subsequent determination of analytes of environmental
significance were considered. These are included in chapter 7.
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Chapter 2

Mechanism of Signal Generation
of Conducting Polymer Based
Sensors
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2.1 INTRODUCTION

The utilisation of Conducting Electroactive Polymers (CEPs) as the active
component of electrochemical sensors has been s h o w n in Chapter 1 as
having attracted m u c h attention in recent years (50,266,267).

These

polymers have been used successfully to incorporate appropriate
chemistries onto the electrode surface. For example, metal complexing
groups (268,269), electrocatalysts (20,271), antibodies (97,98) and enzymes
(93-95) have been directly incorporated during electrodeposition of the
polymers. In addition, C E P coatings have been used to counteract
electrode fouling by preventing adsorption at the surface of the electrode
(272,273).

The main advantage of CEP sensors lies in the ability to prepare a
"custom-made" surface for the determination of a range of analytes. CEPs
are also unique because of the ability to induce changes in their properties
by applying an electrical potential. These changes include: changes in
electrical conductivity (165-168), changes in resistance (274), ion exchange
properties (106,275), and changes in mass (276-280).

However, the practical utilisation of CEPs was hindered by the lack of
sufficient understanding of the physical, chemical and electrochemical
phenomena governing these systems (21, 281,282). Thus attempts by
researchers to understand these aspects of CEPs have presented some n e w
and exciting opportunities for the development of n e w sensing
technologies. The fact that these materiais are electronically conducting
means that normal oxidation/reduction processes can be monitored
directly. Furthermore, their conduction mechanism is a subject of active
research. S o m e workers favoured the use of polaronic approach in
explaining the mechanism (283) while others suggested bipolaronic viewpoints (284) or a mixture of both contributions (285).
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It has been shown that the detection of simple electroinactive ions was
possible w h e n CEPs were employed (82,83,103,161,162,179,182). This is due
to the fact that the presence of the ion facilitates the oxidation/reduction
of the polymer backbone. The mechanism by which C E P s enhance or
catalyse the rate of interfacial electron transfer processes has been the
subject of s o m e investigation (275,286-291). However, the mechanism
involved in the current generated from the detection of electroinactive
species has not been addressed in any detail to date.

Recent studies involving the use of Electrochemical Quartz Crystal
Microbalance ( E Q C M ) has s h o w n that there are two distinct processes
occurring at conducting polymer electrodes such as polypyrrole (276-280);
one involving the transport of anions and another involving cation
transport. These studies have also s h o w n that with polymers such as
alkyl sulphonated

pyrroles or thiophenes, cation m o v e m e n t is

predominant as it is also the case w h e n larger immobile anions are used
as counterions in the polymer synthesis (277). The relative mobility of
cation/anion present in the supporting electrolyte will determine the
anions/cation transport characteristics. Evidence from

Impedance

Analysis Studies conducted by some other workers also revealed that the
oxidation-reduction process involved anion /cation incorporation and
expulsion (292,293).

2.1.1 Aims and Approach of this Chapter

The objective of this portion of the project is to investigate the
mechanism of signal generation w h e n electroinactive species such as
chloride, nitrate, phosphate or acetate are detected on conducting
polypyrrole-based electrodes. Polypyrrole was chosen as a representative
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CEP because it has been widely used for sensing purposes. In the course
this work, electropolymerisation of polypyrrole electrodes was carried out
on both bare platinum and gold-coated quartz crystal electrodes.
Characterisation

of the resulting films was

determined

using

Chronopotentiometry (CP) and Cyclic Voltammetry (CV).

The use of in-situ EQCM was conducted in the present study so as to
verify the important role of the nature of the anion in the supporting
electrolyte, and the influence of the anion which had been immobilised
during synthesis, on the anion/cation exchange characteristics of
polypyrrole electrodes.

Electrochemical properties of polypyrrole films doped with chloride an
dodecyl sulphonate ions were examined and compared with redox
properties of the ferricyanide-ferrocyanide redox couple. The mechanism
controlüng the detection of electroinactive species were elucidated using
a range of electrochemical techniques including quartz crystal
microbalance ( Q C M ) , Normal Pulse Voltammetry

(NPV), Cyclic

Voltammetry (CV), and Chronoamperometry (CA). The role of cations
on the mechanism of signal generation w h e n simple ions are used as
counterions was also considered.

2.2 EXPERIMENTAL
2.2.1

Reagents and Standard Solutions

Ali reagents were analytical reagent (AR ) grade unless otherwise stat
Laboratory reagent (LR) grade pyrrole was obtained from Sigma and
distilled before use. N a 2 C 0 3 , N a H C 0 3 , N a 2 H P 0 4 . 2 H 2 0 , N a H 2 P 0 4 . 2 H 2 0 ,
NaCl, KCI , N a F and C H 3 C O O N a were from B D H chemicals. Sodium
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Dodecyl Sulphate (NaQ2 H25 SO4 ) was also from Sigma. Stock solutions
were prepared by dissolving appropriate salts deionised (Milli-Q) water.

2.2.2 Instrumentation

A homemade galvanostat, a BAS 100A Electrochemical Analyser and
Electrolab Electrochemical analyser were employed. A platinum disk
working electrode (BAS), a platinum gauze auxiliary electrode and a
Ag/AgCI reference (3 M NaCl) electrode were used throughout. Currents
during synthesis were recorded either with an ICI strip chart recorder.

The QCM instrumentation was homemade. 10 MHz AT-cut quartz
crystals were obtained from International Crystal M F G Co., OK., U.S.A.
The electronic circuitry employed has been described (294). A gold-coated
crystal served as the working electrode. A platinum wire auxiliary
electrode and a Ag/AgCI reference electrode were used. Q C M data were
recorded using a Maclab (Analog Digital Instruments-ADI) with Chart 8
software (an integrated data acquisition and manipulation package (ADI).
Data manipulation was also carried out using the Igor software package
(Wavemetrics).

2.2.3 Synthesis of Polypyrrole Electrodes

Polypyrrole films were polymerised electrochemically in order to achiev
the m a x i m u m degree of quantitative control over the conditions during
formation (295). Film thickness was calculated by assuming that 240
mC/cm2

yields a l u m layer (32). Typical electropolymerisation

experiments employed a solution of 0.1 - 0.5M Pyrrole and 1 M NaCl or
0.1M S D S m a d e u p in deionised water. The solution w a s slowly
deoxygenated

with

nitrogen

for

10

minutes.

Galvanostatic

polymerisation of polymer electrodes was carried out using current
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densities ranging from 6.4 uA/cm2 to 3.4 mA/cm2. Total frequency
changes due to deposition of polymer on the gold crystal working
electrodes were recorded.

2.3 RESULTS AND DISCUSSION
2.3.1. Chronopotentiometry during Growth

This technique was used to monitor the potential of the working
electrode

during

galvanostatic

polymerisation. The

observed

chronopotentiogram responses gave an indication of the conductivity of
the polymer. If the potential drawn at the working electrode remains
constant throughout the polymerisation process, it can be inferred that
the polymer layer adds no extra resistance to the circuit and as such a
conducting polymer is formed. Conversely if a significant rise in
potential is observed during synthesis in addition to overall resistance of
the cell, it can then be inferred that the resulting polymer is not
conducting (50).

Figure 2-1 shows the chronopotentiogram obtained for galvanostatic
deposition of polypyrrole at different current densities. While the
conducting polymer was formed at ali current densities considered, there
is a significant rise in the potential recorded for polymer deposition with
the applied current density of 2 m A / c m 2 or more. This is due to the
overpotential required to maintain applied current density. A constant
potential was still recorded after the initial rise in the potential and a
conducting polymer was formed.
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Figure 2-1: Chronopotentiogram recorded during electrodeposition of PP/Cl at the following current
densities: (a) lOM^iA/cm2 (b) 0.85 mA/cm2 (c) 120 mA/cm2 (d) 2.00 mA/cm2 (e) 3.40 mA/cm2. 0.5 M
pyrrole in 1.0 M NaCl using platinum electrode substrate.

The formation of polymer was evidenced by the production of a black
deposit on the electrode and the emergence of a chronopotentiometric
pattern s h o w n in Figure 2-1. A n initial sharp increase of potential of
about 0.75V is required to initiate polymer growth on the electrode
considered.
2.3.2

Influence of Current Density and Thickness on Polymerisation

Polymers were produced using minimurn current densities in the range
6.4uA/cm 2 to 3.4 m A / c m 2 (Table 2-1). The effect of varying the current
density on polymer properties was investigated. It was found that higher
current densities produced rough polymers for a given charge
consumption while lower current densities produced smooth and thin
polymers; this was evidenced through visual observations.
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Table 2-1:
_

^

—

^

—

—

—

—

Effects of Current Density and Polymerisation
on polymer formation
„

,i

j i ...

—

^

—

^

—

^

_

_

^

_

potential limit

_

Current Density
(mA/cm2)

Potential
(V)

Observation

0.0064

0.76

Conducting Polymer Deposited

0.0104

0.78

Conducting Polymer Deposited

0.5000

0.84

Conducting Polymer Deposited

0.8500

0.84

Conducting Polymer Deposited

1.2000

Conducting Polymer Deposited

2.0000

0.90
0.94

3.4000

2.10

"Over-oxidised polymer deposited
a

Over-oxidised polymer deposited

Conditions: 05M Pyrrole, 1 .OM NaCl, platinum electrode substrate and Ag/AgCI reference
electrode.. a = Determined from cyclic voltammetry after growth

It can be seen from Table 2-1 that increasing the current density causes a
corresponding increase in the potential at the working electrode. This is
due to the need to drive the electrode reaction at a greater rate in order to
maintain the required current density. However the chronopotentiogram
profiles recorded during polymerisation (Figure 2-1) exhibit the same
general trend for ali current densities except that a higher final potential
was reached in each case. This higher final potential (reached during
deposition w h e n current densities of 2 m A / c m 2 and above were
employed) indicates that the polymer formed is overoxidised (296,299).
A n initial rise in the potential profile which finally settled to a constant
value during the entire electropolymerisation m a y indicate that the
polymer formed is conductive. The average potential during synthesis
was about 0.80V corresponding to the very strongly oxidised form of the
films (302).

Cyclic voltammograms (CVs) of polymer-coated electrodes after
deposition were then recorded in 1.0 M NaCl. The C V s recorded after
polymerisation showed current-potential profiles with well defined
oxidation/reduction responses.
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Higher currents were recorded for polymers grown with higher current
density (Table 2-2) because more charge was being consumed and thicker
polymers were deposited. Also because of the fact that polymers grown at
higher current densities tend to be more porous (50), consequenüy greater
surface área of the polymer is exposed to solution. Thus ion exchange
reactions occur more rapidly.
Cyclic voltammetric
data obtained at electrodeposited
polypyrrole electrodes grown iit different current densities

Table 2-2:

Current
Density

EJred) EE(ox)
(mV)
(mV)

AE
(mV)

i«(ox)

iE(red)

(JiA)

OLA)

ip(ox)
ip(red)

2

(mA/cm )
0.0064

0.00

0.10

0.10

2.60

4.00

0.65

0.0104

0.00

0.10

0.10

2.60

4.00

0.65

0.5000

-0.10

0.00

0.10

12.00

16.00

0.75

0.8500

-0.10

0.00

0.10

25.00

26.00

0.96

1.2000

-0.10

0.00

0.10

30.00

31.00

0.96

2.0000

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

3.4000

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

Condition:

PP/Cl electrode cycledl.OMNaCl;
in
n.d. = not defined; Polymerisation solution

' in aqueous media. Growth time
= 5 min.
contained OS M pyrrole and 1.0 M NaCl

Figure 2-2 represents the cyclic voltammograms obtained at PP/Cl (grown
with different current densities) in 1.0 M NaCl supporting electrolyte at
different scan rates. Moderately sharp oxidation peaks were observed at
approximately 0.1 V followed by pseudocapacitance-like behaviour
(labelled A). The voltammograms also showed that w h e n the potentials
were scanned anodically, the curves were similar. There w a s a strong
dependence on scan rate with the exception of films that were grown at 2
m A / c m 2 and above. Scanning the potentials cathodically, the currents in
this region gradually became larger and two reduction peaks were
observed; the observed differences at these voltammograms might be
attributed to the differences in the film thicknesses as the current density
(and hence porosity) increases. The pseudocapacitance behaviour
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observed in the cyclic v o l t a m m o g r a m s has been attributed to the
conversion of polaron (a radical cation) to bipolaron as the film is being
reduced (298,299). This behaviour m a y also be d u e to continuous
oxidation/reduction of the polymer.
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Figure 2-2: Cyclic voltammograms obtained for PP/Cl grown galvanostatically using different
current
A
densities (a) = 0.10nA/cm2; (b) = 0.5 mA/cm2; (c) = 0.85 mA/cm?; (d) = 2 mA/cm2) cyckd> in
M 1.0
NaCl.
Scan rates of a = 200 mV/s, b = 100 mV/s, c = 50 mV/s, d = 20 mV/s. Polymers growth condition is as
shown in Figure 2-1.

Figure 2-2 revealed that differences in the anodic and cathodic peak
positions (labelled A/A') reached a finite limit as the scan rate w a s
lowered; suggesting that the redox ion exchange process occurring at the
polymer solution interface m a y be kinetically controlled (equation 2-1)
since the redox potential should remain independent of scan rate. Films
formed at low current densities (of range < 0.5 m A / c m 2 ) produced very

thin polymers and a second reduction peak of about -0.8V was observed
in the cyclic voltammograms.
+Sl

^

PP+/C1-

PP°+
"e"

cr
(2-1)

Where P P + represents the oxidised form of the polymer and PP°
represents the reduced form.

The observed double peaks have been attributed to the insertion of cation
from the electrolyte media into the film leading to the formation of
bipolaron (a bi-radical cation) as the potential is scanned more negative
(284). Polymers having current densities of 0.85 m A / c m 2 were then used
for subsequent work because it produces films of intermediate properties
having well defined anodic peaks.

2.3.3 Voltammetric Responses in Ferricyanide Media

The use of polypyrrole electrodes cycled in ferricyanide redox species were
considered in order to gain information concerning the form of the
inserted anion and the nature of redox properties of the system.
Examination of the conversion of K3Fe(CN) 6 3 "/ 4 " process using 0.1 M
N a N 0 3 supporting electrolyte at bare platinum showed (Figure 2-3) the
expected well defined redox peaks (labelled A'/A).

í'
Cathodic

•0-60

0.304

Anodic

A
E (VOLT)
Figure 2-3: Cyclic voltammogram recorded for ferricyanide at bare platinum electrodes. Scan rate = 20
mV/s, Solution contained 1.0 M K3Fe(CN)/'/0.1 M
NaN03.
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The effect of a polypyrrole deposited on the electrochemical reaction was
also investigated. The peak potentials for the Fe(CN)6 3 / 4 " reaction in
cyclic voltammetry (A/A') were not significantly changed in comparison
with the uncovered platinum surface as shown in Figure 2-4. The main
difference between the polypyrrole-coated electrode and the bare
platinum electrodes was the high background current typically observed
for polypyrrole films at more positive potentials (300).

Anodic

Figure 2-4: Cyclic Voltammograms obtained at PP/Cl modified electrode using 1.0 mM
Fe(CN)63/4'
species in 1.0 M NaN03
Scan rate = 20 mV/s. Polymer was grown galvanostatically using 0.5 M pyrrole
+ 1.0 M NaCl at 0.85 mA/cmr current density. Growth time = 5 minutes.

There are two well pronounced pairs of oxidation/reduction peaks and a
third reduction peak in the voltammogram recorded in Figure 2-4; one
pair (labelled A/Á)

is connected with FeíCN)^ 3 / 4 " anions incorporated

and expelled into the polymer structure, the second pair (labelled B/B^
with

relatively

broad

reduction

peak

is attributed

to

the

oxidation/reduction of the polymer film itself (301), while the reduction
peak (labelled C ) m a y be due to cation insertion (equation 2-1) into the
polymer backbone as suggested by some workers. It seems likely that the
oxidation of ferricyanide and the reduction of ferrocyanide anion occur
either at the underlying platinum electrode or within the polypyrrole
films w h e n it is in the oxidised form.

Mechanism of Signal Generation

Page 60

These results are consistent with previous observations (301,302). The
result suggests that even with the presence of the polymer film, the
oxidation/reduction reaction expected for the K3Fe(CN)6 3 / 4 ~ couple can
still be observed.

2.3.4 Cyclic Voltammetric Responses as applied to CEP-based Sensors

A specific example of a conducting polymer electrode that has been
shown to be a very effective sensor material for the amperometric
determination of electroinactive species (83,162,179) will n o w be
considered. The C V behaviour of a polypyrrole film doped with the
surfactant counterion D S (Ci 2 H 2 5S04~) is described and compared with
those exhibited by polypyrrole doped with chloride ions (PP/Cl). Changes
in the physical properties of polypyrrole brought about by varying the
anion incorporated during polymerisation have been the subject of a
number of studies (300,303-305). The C V responses obtained for PP/Cl
and P P / D S in 1.0 M NaCl are shown in Figures 2-5 and 2-6 respectively.
The growth time was the same in each case.

Anodic

E(VCLT)

Figure 2-5: Cyclic Voltammograms of PP/Cl in 1.0M NaCl supporting electrode. Polymer was
prepared galvanostatically using OSM pyrrole monomer in 1.0M NaCl at 0.85nA/cm2 current density.
Growth time was 5 minutes. Scan rate = 20 mV/s.

The

CV

recorded

at a PP/Cl

electrode s h o w s

well

defined

oxidation/reduction responses (A/A') for the polymer electrode in the
chloride media. Reduction of the polymer results in the expulsion of the
electrolyte anion (equation. 2-1) used in preparing the polymer.
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Counterions from the electrolyte solutions are then incorporated in order
to maintain charge neutrality (306). This type of mechanism implies that
diffusion of the ions through the polymer electrode must occur.

The voltammogram of Figure 2-5 also reveals a large background current
at the end of the anodic cycle; an effect which has been associated with
capacitance effect typically observed with the redox process of polymer
electrodes in general and it has been observed particularly for polypyrrole
(298,299,307,308). Others have suggested this could be due to continued
doping of the polymer as the potential is increased (309). Then the
chemical nature of the anion would have a significant influence on the
observed electrochemical responses.

For the PP/DS electrode, well defined responses were also observed in the
chloride media (Figure 2-6). The presence of multiple peaks suggests that
both anion and cation incorporation and expulsion (Equations 2-1 & 2-2)
are involved (308,310).

Anodic

E (VOLT)
Figure 2-6: Cyclic Voltammograms of PP/DS in 1.0M NaCl supporting electrode. Polymer was prepared
galvanostatically using OSM pyrrole monomer in 0.1 M Sodium dodecyl sulphate at 0.85nA/cnr current
density. Growth time was 5 minutes. Scan rate = 20 mV/s.

It is well k n o w n that with P P / D S , anion removal during cycling is
difficult but cation incorporation and removal during cycling is readily
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achieved (308,310). It has also been reported by various authors that
electrodeposition in the presence of large, amphilic surfactant ions,
results in polypyrrole films having improved mechanical properties and
enhanced electroactivity (311,312). Various authors have confirmed that
(312-315) P P film electrodes synthesised in solution containing S D S
exhibit fast electrochemical

kinetics

as far as

the

polymer

oxidation/reduction process is concerned. This is explained by the fact
that the large D S surfactant anion incorporated into the P P film during
electrodeposition is not easily released in the redox process. Hence cations
get incorporated to maintain charge neutrality thereby enhancing the
kinetics of the overall redox process (equation 2-2). Cation incorporation
m a y be favoured by the appropriate choice of counterion used in
preparing the polymer.
PP+/DS- + N a + „"*
"e"

*

PP°DS-Na+
(2-2)

O n the basis of ion size, cation diffusion is expected to be faster than
anion diffusion with P P / D S electrode and hence the enhancement of
cation transport should improve the electroactivity of the polymer
electrode.

Since both anion and cation movements are involved in the redox
processes occurring at polypyrrole electrodes, the mechanism of the
polypyrrole redox reaction and that of conducting polymer sensors,
appears to be complicated. It was assumed that the anion (such as Cl")
enters the polymer for charge compensation during oxidation and then
leaves the polymer during reduction. However, there is experimental
evidence to suggest that the cations also enter the polymer film as anions
leave it (308,316).

It is obvious from the voltammograms in Figures 2-5 and 2-6 that the
dopant ion exhibits a marked effect on the voltammetric response. Hence
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CV data indicate that the anion present during polymer synthesis has a
marked influence on the properties of the polymers

produced

particularly on the electroactivity which in turn m a y have an effect on
the applicability of the particular polymer for sensing purposes.

2.3.5 Influence of Cation on the Electroactivity of Polymer Films.

Although, the importance of the anion in the redox processes at
conducting polymer electrodes is well established, the effect of the
electrolyte cation has received less attention. The influence of the cation
on the redox process w a s therefore considered by varying the type of
electrolyte cation and keeping the anion constant. Using PP/Cl and
P P / D S electrodes, cations employed in the electrolyte solutions were N a + ,
K + , Z n 2 + , and Al 3 + . Cyclic voltammograms obtained at PP/Cl with these
salts are shown in Figure 2-7.
I»WA

JlOOíiA

EWOLTI

«wotT!

(a)

(b)

(c)

(d)

Figure 2-7: CV at PP/Cl electrode using different cations (a) 1.0 M KCI (b) 1.0 M NaCl
ZnCli (d) 1.0 M AICI3 , Scan rate was 20 mv/s. Polymers were prepared as in Figure 2-1.

(c) 1.0 M
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The most striking similarity in these voltammograms at PP/Cl in the
different cation solutions is that the main redox peak (approximately 0.0
V and -0.1 V ) was almost independent of the type of cation used,
although increased current magnitude (probably due to changes in the
affinities) was recorded for the polymer in NaCl solution.

The CVs also revealed the presence of a second reduction peak in KCI
and N a C l (B') solutions and well defined oxidation peaks in ali the
electrolyte media. The presence of a second reduction peak in the singly
charged cations (K + and N a + ) suggests that the polymer was fully reduced
in those solutions and the cations are presumably easier to incorporate
due to the fact that they become desolvated during reduction as suggested
by some workers (317).

Results obtained at PP/DS film when the cations were varied showed
that the redox processes at this polymer were very dependent on the
nature of the cation in the solution employed (Figure 2-8). This was
evident through the potentials where the main redox process occurs in
the different cation containing solutions, the presence of multiple peaks,
and the shapes of the voltammograms. For example, the main redox
peak in KCI and NaCl (A'/A) solutions were recorded at -0.5 and -0.4 V
respectively while the main redox peaks using ZnCl 2 ( A V A ) occurred at
-0.3 and 0.1 V; and redox peaks were not defined at ali in AICI3 solution.
The similarities in the redox peaks obtained in the univalent cation
solutions also point to the ease with which the polymer is oxidised and
reduced in these solutions.
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Figure 2-8: CV at PP/DS electrode using different cations (a) 1.0 M KCI (b) 1.0 M NaCl (c)1.0M
(d) 1.0 M AlCl3 , Scan rate was 20 mV/s. Polymers were prepared as in Figure 2-1.

Multiple peaks w e r e also recorded for the polymer in ali electrolyte
m e d i a except AICI3. T h e multiple peaks are d u e to the fact that both
cations and anions are involved in the ion exchange processes w h e n
large surfactant counterions (such as D S ) are e m p l o y e d in the polymer
synthesis (309,318-320).

A comparison of the voltammetric responses obtained using the P P / D S
electrode (Figure 2-8) to that of P P / C l electrode (Figure 2-7) s h o w e d that
relatively similar behaviour w a s recorded for P P / C l in different cationic
media than for P P / D S electrode in the s a m e media. This supports
previous reports that the anions in the electrolyte m e d i a play a
significant role in the ion exchange process with polypyrrole films g r o w n
in the presence of smaller ions (314,316).

ZnCl2>

2.4

Normal Pulse Voltammetry (NPV)

Normal pulse voltammetry (NPV) was investigated because it is very

useful for the study of electrode processes. The equilibrium state of the
polymer can be re-established between pulses and the rate of
electrochemical anion doping at the polymer electrodes can then be
evaluated. The technique also enables discrimination on the basis of the
kinetics of process occurring to be studied since the current can be
sampled at different points after the application of the pulse.

The usefulness of this approach is illustrated with the results obtained
short sampling times (55 msec) using a PP/Cl electrode in several
different electrolytes. NPV results are shown for the PP/Cl film (Figure

9) in sodium salts of chloride, nitrate, carbonate, acetate, phosphate an
fluoride ions.
v
0.8'

~ 0.6<
~

0.4'

0.2"
0'

-0.2"
-0.8

0

-0.4

0.4

E(V)

Figure 2-9: Normal Pulse Voltammogram obtained at PP/Cl electrode using (a) 1.0 M NaNC>3, (b) 1.0 M
NaCl, (c) 1.0 M NaHPG-4, (d) 1.0 M NaHCO^, (e) 1.0 M NaCfyCOO,
(f) 1.0 M NaF, (g) 1.0 M NaDS
electrolytes. Conditions: Scan rate = 20 mV/s, Step width = 100 ms, Step height = 40 mV, Current was
sampled at 55 ms for a period of 5 ms. Polymer was prepared by galvanostatic electrodeposition (current
density = 0.85 mA/cm2) using 05 M pyrrole in 1.0 M NaCl in aqueous solution.

The polymer film was first set at a potential of -1.0V and then scanned
from -1.0V to 0.6 V in various aqueous solutions. Pulse width and pulse
heights were controlled at 100 ms and 40 mV respectively. The PP/Cl
electrode was electrochemically oxidised to give anodic current, then
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followed by anion incorporation into the matrix. The anodic current had
a peak at approximately -0.4 V for nitrate , -0.3 V for chloride, -0.1 V for
phosphate and carbonate, 0.2 V for acetate, 0.1, and 0.5 V for fluoride
while the anodic peak current w a s undefined in dodecyl sulphate
solutions. Discrimination on the basis of peak shapes and anodic
potentials were possible with the use of Normal Pulse Voltammetry.

Well defined sigmoidal responses were recorded for the polymer in
nitrate and chloride media suggesting that these ions were reversibly
incorporated and expelled at the polymer. In phosphate, carbonate and
acetate solutions, the responses were not as distinct; while the response
for dodecyl sulphate solution was completely undefined. A s suggested by
other workers, the exceptional behaviour of F" m a y be interpreted by
considering its strong hydration; the hydration number is about 4 for F"
and is about 2 for Cl" (321,322). The observed differences for ali the other
ions could be due to the relative sizes and mobility of the anions, thus
showing that the nature of the electrolyte solution is reflected in the
current measured using N P V for these polymer electrode.

In the work of Shinoahara et ai. on the preparation of polypyrrole
electrodes in the presence of chloride ion as the counterion, it was
reported that the doping rate in polypyrrole films is significantiy affected
by the size of the anions in solution (322). The relationship between the
anodic peak current and the size of the electrolyte anions with N P V
experiments was therefore considered. Figure 2-10 shows the relationship
between the anodic currents recorded for the ion under consideration
and the ionic size.
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Figure 2-10: Showing the influence of anion size on the anodic currents at PP/Cl electrode. Polymer wa
prepared as in Figure 2-1. Anodic current values were obtained form the NPV results in Figure 2-9 by
measuring the anodic currents at half the height. Other conditions are as in Figure 2-9.

The ionic radii were calculated from self-diffusion coefficient values of
the electrolytes using Einstein-Stokes equation (323). It can be observed
that the peak current first increases with increased in ion size and then
decreased considerably with an increase in anion size. The doping rate
affected the size of the anion significantly. This also suggests that the
polypyrrole films formed in the presence of chloride anion m a y be
permeable to Cl" and its comparable diameter of anions (322). Anions of
intermediate size such as phosphate and acetate m a y not readily enter the
film whereas the film will prevent anions of larger sizes such as dodecyl
sulphate to penetra te the matrix.

Normal Pulse Voltammograms recorded at the P P / D S electrode revealed
that for ali the ions (Figure 2-11), even though the expected sigmoidal
responses were still obtained, discrimination on the basis of potentials
and peak shapes were not well defined. Current magnitudes recorded for

the ions at P P / D S in most cases were m u c h larger than o n PP/Cl; this
m a y be due to the differences in the molecular masses of the counterion
incorporated and the resulting differences in the nature of ion transport.
f .
5
4
3
|

2
1
0
-1
-0.8

-0.4

0

0.4

E(V)

Figure 2-11: Normal Pulse Voltammograms obtained at PP/DS electrode using( a) 1.0 M N
M NaCl, (c) 1.0 M NaHPO^ (d) 1.0 M NaHCO^ (e) 1.0 M NaCH3COO, (f)1.0 M NaF, (g) 1.0
electrolytes. Conditions: Scan rate = 20 mV/s, Step width = 100 ms, Step height = 40 mV, Sa
= 55 ms. Polymer was prepared as in Figure 2-1.

This clearly confirais that the kinetics of electron transport with
polypyrrole electrodes containing large surfactant ion as the counterion
(as in P P / D S ) are distinctly different to those having simple anion (eg
PP/Cl) as the counterion.

2.4.2 Effect of Changes in Sampling Time on NPV Responses

The effect of changing the sampling time on the responses obtained with
the polymer electrodes w a s then considered because additional
information could be obtained on the electrode kinetics w h e n currents
are sampled at different points after the application of the pulse. Figure 212 shows the N P V responses obtained at a PP/Cl electrode in sodium
nitrate solutions with different current sampling points. The electrodes
showed unusual behaviour in that the response increased as the time
before sampling (ts) w a s increased thereby confirming that the redox
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processes at conducting polymer electrodes are controlled by ion
incorporation/expulsion and not by electron transfer.

300

200

100

o
0.4

-0.4

-0.8

E(V)
Figure 2-12: NPV responses obtained at PP/Cl electrode using multiple current sampling times in 1.0
MNaN03at
(a) 65 ms, (b) 75 ms, (c) 85 ms, (d) 95 ms. Scan rate = 20 mV/s, pulse width = 100 ms, pulse
height = 2mV

Simüar behaviour was recorded in nitrate médium at a P P / D S electrode
as shown in Figure 2-13 and w a s independent of the nature of the
counterion used in preparing the polymer.

i

-o.s

•0.4

0.4

E(V)

Figure 2-13: NPV responses obtained at PP/DS electrode using multiple current sampling times in 1.0
MNaN03
at (a) 65 ms, (b) 75 ms, (c) 85 ms, (d) 95 ms. Scan rate = 20 mV/s, pulse width = 100 ms, pulse
height = 2mV
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The difference in the anodic currents recorded at various sampling times
at PP/Cl and P P / D S electrodes confirm that the overall process is
controlled by ion-exchange.

Table 2-3: Effect of Current sampling time (ts) and pulsed width on the
Current Magnitude.
Sampling time
(ms)

Current
Current
(mA)

10

5.870

5

0.107

15

5.920

10

0.170

20

5.950

20

0.330

30
40

6.500

6.800

60

7.150

20
60
70

Pulse width
(ms)

6.800

Pulsed width = 20 ms,
Other conditions are as in Figure 2-13.

(mA)

7.150
6.400

Sampling time = 40 ms
Other conditions are as in Figure2-23.

Table 2-3 clearly shows the influence of sampling time and pulse width on
the anodic currents at PP/Cl electrode. A s the sampling time increased, the
anodic current increased. Also with increased pulse width, the anodic
current initially increased and then decreased after 60 m s pulse width.

2.5 Quartz Crystal Microbalance (QCM)

As with cyclic voltammetric experiments, initial studies on QCM
involves the use of PP/Cl and P P / D S coated electrodes. These were
prepared as described in the experimental section. Changes in the mass of
the quartz crystal following the oxidation/reduction of attached
electroactive polymer films are given by the Sauerbrey equation (324)
which relates changes in resonant frequency of the quartz crystal to mass
changes in the film:
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where p n is the density of quartz (2.68 g/cm 3 ), |in is the shear modulus
of quartz (2.947 x IO 11 dynes cm" 2 , 1 dyne = 10" 5 N), f0 is the resonance
frequency of the unloaded quartz crystal (6 M H z ) , and A is the
piezoelectrically active área of the quartz (cm 2 ). Figure 2-14 shows that an
increase in mass with time was observed during polymer growth at PP/Cl
and P P / D S electrodes, signifying an increase in mass of the quartz crystal
as the polymer is being deposited (316,325).

300
tone (see)
(a)

100
200
time (see)

300

(b)

Figure 2-14: Mass changes with time during galvanostatic (0.85 mA/cnr current density) deposition of
(a) PP/Cl and (b) PP/DS electrode on quartz crystal; Deposition solutions contained 05 M Pyrrole and
either 1.0 M NaCl or 0.1 MNaDS.

Using the gold coated quartz crystals, it was found that approximately 0.10
M-g of PP/Cl and about 2.0 ug of P P / D S polymers were deposited. This
suggests that the molecular weight of the counterion used in preparing
the polymer plays a major role in the mass of polymer deposited and this
m a y subsequentiy affect the ion-exchange characteristies of the polymer
electrode w h e n employed in sensing applications. Cyclic voltammograms
of polypyrrole coated on quartz crystals were also recorded in situ using
1.0 M NaCl; the C V s were similar to what was earlier recorded for the
same polymers w h ü e using platinum electrode substrates (Figures 2-5
and 2-6).
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M a s s Potential Profiles in Sodium Chloride

After deposition, the cell containing the polymer deposited on quartz
crystal w a s rinsed with copious amounts of distilled water and the
m o n o m e r solution w a s replaced with 1.0 M

NaCl. M a s s and current

changes were simultaneously recorded as the potential w a s scanned.
Results obtained for mass change (at the third scans) using both
electrodes coated on quartz crystal are s h o w n in Figure 2-15.
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Figure 2-15: Mass change versus Potential recorded at (a) PP/Cl and (b) PP/DS
using 1.0 M NaCl Scan rate = 20 mV/s. Polymer was prepared as in Figure 2-14.

coated on quartz crystal

A s expected from previous reports (316,325) with P P / C l the m a s s
decreases and then increases as the polymer is reduced and then oxidised,
according to:

+ cr (released)
H

n

H

n

.(2-4)

whereas with P P / D S the mass increases and then decreases as the
polymer is reduced and oxidised according to:

<0>
H

n

DS"+ N a 4

+e
-e

DS" Na H
H

n

.(2-5)
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The differences in anion and cation m o v e m e n t arise from the fact that
the DS" incorporated into the polymer during synthesis is m u c h less
mobile than the Cl" incorporated into the PP/Cl polymer (316,325).

The reproducibility of the anion incorporation/expulsion process with
respect to mass is s h o w n in Figure 2-16. Repeated cycling of the polymer
film in the electrolyte media w a s carried out to stabilise the film. This is
evident by the return of the mass change to the initial value at the start of
the cycle. For a stable film, the net mass change w a s very negligible.
0.6

0.2

-0.E

•0.6

200
time (see)

(a)

(b)

Figure 2-16: Showing the reversibility of mass changes (a) with time as the potential (b) is scanned at
PP/Cl coated on quartz crystal using 1.0 M NaCl. Scan rate - 20 mV/s, Electrode was prepared as in
Figure 2-14.

2.5.2

M a s s Migration profiles in other Simple Electrolytes.

Examination of the mass migration profiles as a function of potential in
other simple electrolytes revealed a trend in the behaviour of the
polymer (i.e mass change recorded) with the nature of the electrolyte
anion. For PP/Cl (Figure 2-17) the mass of anion expelled (and
reincorporated) decreased as the size and molecular weight of the
supporting electrolyte anion increased
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Figure 2-17: Mass versus Potential profiles obtained at PP/Cl coated on quartz crystals using: (a)
NaN03, (b) 1 .OM NaCH3COO (c) 1.0 M NaHC03 (d) 0.1M NaDS; Scan rate = 20 mV/s. Polymer was
prepared as in Figure 2-14.

In electrolyte containing smaller anions (chloride and nitrate media), the
reduction process (undoping) resulted in a mass decrease as shown in
Figure 2-15a and Figure 2-17a, indicating the removal of the ions from
the film. This m a y also be due to the fact that the electrolyte anion
influences the polymer configuration thereby affecting the accessibiüty to
charged sites in the polymers. It m a y also be possible that some anions (or
even water molecules) actually accompany the cations into the polymer
at negative potentials.
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Although mass decreases on reduction and then increases on reoxidation
for most of the ions investigated, differences in the magnitudes of mass
profiles were still noticeable. This m a y be attributed to the mass of the
ions. Polymer conductivity has been k n o w n to change with the nature of
most anion in the electrolyte media (326), it is also very likely that
changes in polymer conductivities and different rates of ionic diffusion
were responsible for the observed behaviour.
With anions of intermediate sizes such as CH3COO" and HCO3" (Figures
2-17b & c), similar behaviour was recorded in that the mass increased and
then decreased as the polymer is reduced and then oxidised. The
observed simüarities m a y be attributed to different ionic mobilities and
ion size.

However, with large electrolyte ions such as DS" (Figure 2-17d), the mass
decreases and then increases as the polymer is oxidised and then reduced;
presumably due to the m o v e m e n t of cations from the electrolyte media
into the polymer stucture.

Similar experiments were conducted with quartz crystal-coated PP/DS
polymer. It was observed that the reduction process showed an increase
in mass as polymer w a s reduced.

This indicates that the anions

incorporated during synthesis were trapped and the cations were inserted
in order to maintain electroneutrality u p o n reduction. In different
supporting electrolytes, P P / D S showed some interesting behaviour, as
the anion of the supporting electrolyte w a s varied the amount of cation
incorporated/expelled changed. In most cases it decreased as the size and
molecular weight of the anion increased as shown in Figure 2-18.
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Figure 2-18: Mass/Potential profües obtained at PP/DS electrode coated on quartz crystals using: (a) 1.
MNaN03,
(b) 1.0 M NaCH3COO
(c) 1.0 M NaHC03, (d) 0.1 M SDS; Scan rate = 20 mV/s. Other
conditions are as in Figure 2-17.

Mass vs potential profiles at P P / D S electrolyte recorded in Figure 2-18
show that mass changes (due to cation incorporation and expulsion in ali
the solutions) increases as the polymer w a s reduced and then increases
again on oxidation. But as with PP/Cl electrode, the rate of the ion
incorporation/expulsion depends on the relative mobilities of the ions,
conductivities and the ionic sizes.
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2.5.3

Potential Step Experiments at Quartz Crystal-Coated
Polypyrrole Electrodes.

The influence of applied potential pulses on mass changes using different
electrolyte m e d i a were then investigated. It w a s observed that the m a s s
decreased o n stepping to negative potentials, a n d increased o n
reoxidation. N o t only w a s the magnitude of the m a s s change observed
dependent o n the anion e m p l o y e d but also the rate of ion m o v e m e n t
These are s h o w n in the following results.
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Figure 2-19: Mass vs time profüe (i) and current vstimeprofüe (ii) at PP/Cl electrode coated on quartz
crystal using (a) 1.0 M NaCl, (b) 1.0 M NaN03 solutions. Potential Pulses applied: Ej = -035 V, E2 = 0.4
V, Pulse Width = 10 see.
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In chloride and nitrate media, mass decreases o n stepping to negative
potentials and increases again on reoxidation as s h ó w n in Figure 2-19a/b.
The current flow also reveals similar electrode behaviour (Figure 2-19/ü).
These results are consistent with cyclic voltammetric responses where
similar behaviours were recorded in these solutions.
In acetate media, the mass decreases on stepping to negative potentials
and then increases again on reoxidation (Figure 2-20a). M a s s and current
changes with time recorded in D S electrolyte is s h o w n in Figure 2-19b.
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Figure 2-20: Mass versus time profüe (i) and current vs time profile (ii) at PP/Cl electrode in (a)l .0 M
Acetate, (b) 0.1 Aí N a D S solutwns. Potential Pulses applied: Ej = -0.95 V, E2 = 0.4 V, Pulse Width = 10
see.
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In D S electrolyte unusual behaviour w a s observed in that as the potential
w a s pulsed in a negative direction the mass initially decreased then
increased and then decreased slowly. O n pulsing positive a lengthy delay
w a s evident before a mass increase w a s observed. T h e initial decrease is
presumably due to anion expulsion and the increase d u e to cation
incorporation - presumably with slow anion expulsion still occurring.

The mass and current changes observed with P P / D S electrode were also
investigated. With P P / D S electrode, results are consistent with cyclic
voltammetric responses in that the m a s s increases and then decreases as
the polymer is reduced and then oxidised as s h o w n in Figure 2-21.
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Figure 2-21: Mass versus time profüe (i) and current versus time profile (ii) at PP/DS electrode using (a)
1.0 M NaCl, (b)1.0M NaN03 solutions. Potential Pulses applied: E 2 = -0.95 V, E 2 = 0.4 V, Pulse Width ••
10 see.
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In chloride solution (Figure 2-21a), the P P / D S electrode s h o w e d distinctly
different behaviour c o m p a r e d to nitrate (Figure 2-21b) in that m a s s
decreased o n reduction then increased o n reoxidation. H o w e v e r , it w a s
observed that the m a s s increased even before the application of the
positive potential. This unusual behaviour m a y b e attributed to cation
incorporation-presumably through fast anion expulsion occurring.
W h e r e a s in nitrate solution, similar behaviour w a s observed in that
mass decreased initially, and then increased and again decreased slowly.
O n pulsing positive a lengthy delay w a s evident in nitrate solution before
a m a s s increase w a s observed. Similar current versus time behaviours
were obtained in these solutions. T h e observed behaviour in nitrate
media m a y also be d u e to anion expulsion and the increase d u e to cation
incorporation - presumably through slow anion expulsion still occurring.
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Figure 2-22: Mass and current changes with time at PP/DS electrode in various supporting electrolytes:
(a) 1.0 M NaCH3COOH
(b) 0.1 M NaDS. Potential Pulses applied: E1 = -0.95 V, E2 = 0.4 V Pulse Width =
10 see.
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In acetate media, a lengthy delay w a s also observed for the P P / D S
electrode at positive potential while the m a s s increased o n pulsing
negative (Figure 2-22a). In D S electrolyte, m a s s increases o n reduction
and then reduces on oxidation (Figure 2-22b). T h e recorded change w a s
slower and mass changes were reversible.

2.5.4 Influence of Cation on Mass and Current Changes

As in the case of cyclic voltammetric experiments, the cation in
electrolyte solution w a s varied while keeping the anion constant. M a s s
and current changes with time recorded in AICI3 and K C I solutions are
s h o w n in Figure 2-23.
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Figure 2-23: Effect of cation changes on mass and current profiles at PP/Cl electrodes using: (a) 1.0M
KCI, (b) 1.0M ÁlCl3. Other conditions as in Figure 2-19.
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Varying the cations in the electrolyte media at PP/Cl resulted in mass
decreasing on reduction and then increasing on reoxidation, suggesting
that the recorded mass changes at the polymer w a s influenced by the
nature of the electrolyte cation.
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Figure 2-24: Effect of Cation changes on mass and Current profiles at PP/DS electrodes using: (a) 1.0M
KCI, (b) 1.0M AlCl3. Other conditions as in Figure 2-19.

Changes in the electrolyte cation using PP/DS electrode coated on quartz
crystal reveals that the mass increased on reduction and is reduced on
reoxidation. Thus confirming the important role of cation on the redox
processes at P P / D S electrode.

It can be observed that the results are consistent with C V experiments
showing that the variation of either the anion or cation changes the
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electrochemical properties at polymer electrodes for PP/Cl and P P / D S .
Although for PP/Cl the incorporation expulsion predominantly involves
anion m o v e m e n t which is influenced by the cation. Whereas at the
P P / D S electrode, incorporation/expulsion involves mainly the cation
due to the relatively immobile D S counterion employed in preparing the
polymer.

Even with these simple systems it is evident that the mechanism of
signal generation will depend on the electrode used and the anion/cation
combination present. It should be noted that the above experiments were
carried out under ideal experimental conditions where the concentration
of salt is high and so ion exchange processes are rapid and iR drop is
low.

In summary, the E Q C M experiments using the Quartz Crystal-Coated
Polymer electrodes revealed that mobility, diffusion and the molecular
sizes of the ions could be responsible for the observed trend in mass
changes (Table 2-4). Although, in some cases these order m a y be reversed.
Table 2-4:

Summary
of Mass changes recorded at polymer electrodes in Various
Anions and Cations Considered
Maximum
Mass Changes
with Potential
rampCUg)

•Maximum
Mass Changes
with Pulse
Potentials (ng)

c

Ion Mob.
at 25°

Ionic Radii
(x IO"9)

cr

1.75 (0.30)
2.00 (0.40)

7.90
7.40

1.21 [2.033]

N0 3 "
CH3C02"
HC0 3 HPO42DS"

0.80 (0.05)
2.00 (0.02)

0.60 (0.05)

1.20 (0.06)

4.20

2.25 [1.089]

1.25(0.15)

1.10 (0.10)

4.60

2.10 [1.185]

1.50 (0.04)

0.80 (0.10)

5.90

3.23 [0.759]

0.30 (0.10)

0.30 (0.08)

Cations"
K+
Al 3 +
NH4+
Na+

0.40 (0.10)
0.30 (0.05)
0.10 (0.03)
1.75 (0.30)

0.90 (0.07)
3.60 (0.08)
0.90 (0.10)
0.80(0.05)

Analytes

Molecular
Mass (a.m.u.)

Anions*

n.a.
7.60
6.40
7.60
5.20

1.30 [1.903]

4.87 [n.a.]
1.25 [1.957]
4.50 [0.548]
1.25 [1.957]
1.84 [1.334]

35
62
59
61
96
265
32
27
20
23

a = anions as sodium salt, b - cations as chloride salt, c is m U/cm s~ v , Mob. • Mobility
• Values in ( ) brackets represent mass changes recorded at PP/DS electrodes while the corresponding values beside the brackets are
those recorded at PP/Cl electrodes.
Values in [ j brackets represent sdf-diffusion coefficients (m s' ) at 25° (from reference 323)
n.a. = not available
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Recorded mass changes at the polymers were calculated using equation 24. From the Table 2-3, the observed trend in mass changes obtained for
ions could be a function of one or more of the ion size, mobility, and
atomic mass of the ions.

For smaller ions such as Cl" and nitrate, mass changes with time were
related to the molecular mass and ionic radii, these ions exhibits similar
mass versus time characteristics. This behaviour m a y also be influenced
by the applied potential. For intermediate sized ions such as acetate and
carbonate, the order w a s reversed possibly due to different affinities for
the polymers. The observed behaviour with larger ions such as
phosphate and DS" m a y be attributed to size, affinity and mobility.

Which of these factors predominate determines the behaviour of a
particular ion for the polymer. If the ion is small and the mobility (which
is a function of charge) is high, then mass change is significant.
Conversely, negligible mass changes are obtained if the size of the ion is
large and mobility is low.

2.5.6 Mass Reversibility Changes with Applied Pulsed Potentials

Reversibility and reproducibility of the pulse potential experiments were
confirmed with repetitive pulse potentials applied at the polymer coated
quartz crystal working electrode, polymer mass changes were then
recorded.
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Fírare 2-25: Mass changes at applied pulse potentials for PP/Cl electrode coated on quartz crystal in (a)
1.0 M NaO, (b) 1.0 M A1C13 solutions. Ej = -0.95 V, Ei = 0.4V, pulse width = 10 see.

Figure 2-25 shows the results obtained at the quartz crystal coated PP/Cl
electrode using sodium chloride and aluminium chloride electrolytes
w h e n 10 consecutive pulses were applied. Mass changes were reversible
and reproducible in these media with applied potential pulses. Thus
coiifirrning that there w a s no net mass change with applied pulse
potentials at the polymer electrode.
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T h u s the E Q C M results (as in C V a n d pulsed potential experiments)
confirms that for polymer electrodes containing simple salts as the
counterions, the anion plays a major contribution in the signals obtained
but for P P electrodes containing complicated molecules (e.g surfactants)
counterion, cations are m o r e important in the observed behaviour. This
is consistent with previous findings (276-280,316325).

2.6

Possible M e c h a n i s m s

In considering possible m e c h a n i s m s for the responses of both the
oxidised a n d reduced species of P P modified electrodes, four distinctly
different processes can be identified as potentially contributing to the
overall response. These are illustrated schematically below:
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Figure 2-26: Models showing the electrochemically driven possible mechanisms for the observed
amperometric responses at polypyrrole-solution interface.
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• Mechanism 1 involves anion exchange reactions with the positively
charged sites on the P P backbone of the oxidised P P film. Given by
equation 2-1 and depicted in Figure 2-26 (a).

• Mechanism 2 is possible if anion is trapped within the polymer
matrix. Cation exchange would result i.e. instead of A " being
exchanged, C + actually gets incorporated to balance the charge as in
P P / D S (equation 2-2). This is depicted in Figure 2-26b.

• Mechanism 3 is a mixture of 1 and 2. This is possible if cation
becomes entrapped within the film yielding fixed positive sites.
Then

anion of the supporting electrolyte will equally be

incorporated. H o w e v e r , a fully reduced film does not exhibit
enhanced anion response, suggesting that entrapped cationic sites
should still be present within the reduced films and m a y give rise to
negligible anion response patterns usually observed with fully
reduced electrodes

• Mechanism 4 depicts a response mechanism involving a redoxactive species such as ferricyanide permeating the polypyrrole film
and interacting directly with the underlying electrode surface
(platinum substrate). The fact that the P P modified electrodes exhibit
large amperometric response to other redox-active

anions

(ferricyanide) indicates that direct redox electrochemistry in addition
to the ion-exchange-based response is occurring either at the
underlying platinum electrodes or within the P P film w h e n it is in
an electrically conducting state (ie. the oxidised form).
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On the basis of the existing experimental evidence from Cyclic
Voltammetry, Normal Pulse Voltammetry, and Electrochemical Quartz
Crystal Microbalance ( E Q C M ) , it appears that the overall amperometric
ion response of the P P electrode containing an anionic counterion m a y
result from the mechanisms illustrated above.

2.7 CONCLUSIONS

This chapter demonstrates that the use of Cyclic voltammetry, Normal
Pulse Voltammetry, and Electrochemical Quartz Crystal Microbalance
( E Q C M ) has enabled the demonstration of the role of electroinactive
anion/cation in the oxidation-reduction processes at conducting polymer
electrodes. It has s h o w n that with conducting polymers containing
simple counterion such as chloride, some degree of cation exchange as
well as anion exchange occurs during the redox process. Effects of the
nature of the anion and the cation present in the electrolyte media on
these processes have been demonstrated.

With polymers containing large immobile counterions, cations play a
predominate role in the redox processes. Even with the presence of redox
active species such as ferricyanide in the electrolyte media, the oxidationreduction process of the polymer backbone is not hindered. The exact
nature of these processes depends on the nature of the counterion used
in preparing the polymer film and the anion/cation in the electrolyte
solutions. Reversible mass changes were recorded for the polymer under
potential ramp conditions and with applied pulsed potentials.

Given the results and evidence reported in this chapter and others in
literature employing C E P electrodes, it can therefore be concluded that:
amperometric response obtained at polypyrrole sensors could be a
function of the nature of the electrolyte ion, the polymer conductivity
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and the potential waveform function employed. Hence a practically
useful sensor employing CEPs should exhibit different properties with
respect to the conditions of use. The practical demonstrations of this
assumption will be shown in the subsequent chapters.
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Chapter 3

Signal Generation and the Effect
of Polymer Composition on the
Detection of Electroinactive
Species Using Conducting
Polymers
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3.1 INTRODUCTION

A conducting polymer sensor capable of quantitating electroinactive
anions using flow injection analysis (FIA) was reported by Heineman and
co-workers in 1986 (82). The sensor was prepared by depositing a coating
of polypyrrole onto a platinum electrode surface. The doping/undoping
properties of the polypyrrole film were then utilised according to:

+ A'

\ i
H

.(3-1)

where A " is the counterion incorporated during synthesis and n is the
monomer/counterion ratio. The electrode w a s operated by setting the
potential applied to the working electrode to a value high enough to
cause the oxidation of the polymer film. Anions having high enough
mobilities were then incorporated into the film. This resulted in the
generation of transient, concentration dependent, current signals.

Using this approach, acetate, phosphate and carbonate could be
conveniently detected in the 0.01-1.0 m M

concentration range. T h e

unique aspect of this detection scheme is that none of these ions could
ordinarily be detected using amperometry at conventional electrode
surfaces due to the fact that they are not directly oxidised or reduced.

Ye and Baldwin employed a similar approach with polyaniline as the
active sensing element o n a range of anions (103). The selectivity of the
electrode w a s investigated by varying the background electrolyte
composition and concentration. W a n g and Liu (161) reported on the use
of polyaniline electrodes for the detection of anions such as perchlorate,
nitrate, sulphate, oxalate and iodate in FIA and Ion Chromatography (IC).
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Consequenüy, most small anions should be incorporated using this
detection scheme. It would appear therefore, that the selectivity of such
systems m a y be low.

Smyth and Ward (162) have recently reported on the use of a polypyrrolebased FIA/IC detector for the determination of certain anions in water
samples. The range of anions were conveniently and reproducibly
detected over a linear concentration range of 1 - 100 ug/ml. Martinez et ai.
(179) reported on the use of polypyrrole-based dodecyl sulphate electrode
for the detection of electroinactive cations (including lithium, sodium
and potassium) in FIA and IC.

In the work of Heineman and others involving polypyrrole, only
polypyrrole chloride (PP/Cl) or polypyrrole perchlorate (PP/CIO4) were
considered as the sensing electrode. It is k n o w n however, that the
counterion incorporated during synthesis has a dramatic effect on the
properties of CEPs. The conductivity and electrochemical switching
potential (327,328) as well as the ion exchange selectivity series (329) are
ali k n o w n to be affected by the counterion incorporated during synthesis.

3.1.1 Aims and Approach of this Chapter

The main aim of this chapter is to investigate the effect of counterion
incorporated during synthesis on the ability to detect electroinactive
species. The use of glycine as an eluent containing sodium dodecyl
sulphate (SDS) was investigated and compared. Also unique pulsed
potential waveforms were utilised in order to induce electrochemical
selectivity in the polymers.

Of particular interest in this work is the ability to modify the selectiv
the detection system by the appropriate choice of polymer composition

Sensing of Electroinactive Species

Page 94

and eluent. Also of interest is the nature of the signals genera
the mechanism of the signals obtained at the polymer electrodes when
glycine was employed as the eluent and particularly the implications of
the low conductivity of the glycine solutions have been considered in an
attempt to further understand the signal generation processes of
electroinactive anions at polypyrrole electrodes.

3.2 EXPERIMENTAL
3.2.1

Reagents and Standard Solutions

Ali reagents were analytical reagent (AR) grade unless otherwise
Laboratory reagent (LR) grade pyrrole was obtained from Sigma. Pyrrole
was distilled before use. A R grade glycine was obtained from Ajax
Chemicals. Metal stock solutions were prepared by dissolving appropriate
salts in Milli-Q deionised water. Standard solutions of 1.0 M NaN03,
1.0 M C H 3 C O O N a , 0.5 M

N a H C 0 3 , 1.0 M N a H 2 P 0 4 and 0.1 M

NaC}2H25S04 were prepared.

3.2.2 Instrumentation

A home-made galvanostat, a BAS 100A Electrochemical Analyser, an
Electrolab Electrochemical workstation, a Dionex Pulse Amperometric
Detector (PAD-2), a Dionex analytical p u m p (APM-1) and an ICI
Instruments D P 600 chart recorder were employed. Alternating Current
(AC) voltammetry was performed using a P A R 174, PAR 174/50 A C
interface and PAR 122 Lock-in amplifier. A platinum disc was used as the
substrate on which the polymers were grown. A platinum gauze auxiliary
electrode was used and the reference electrode was Ag/AgCI (3M KCI). A
thin-layer amperometric cell supplied by Dionex was used throughout
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this work. The setup of the polypyrrole electrode detector is as s h o w n in
Figure 3-1.

OUT

pp

///////Jj
PLATINUM
Vf.E

Figure 3-l:Scematic assemblyof the Electrochemical Detector. R.E = Reference Electrode, A.E. = Auxiliary
Electrode, W.E., = Working Electrode, PP = Polypyrrole film.

Flow injection analysis (FIA) was performed using a Dionex liquid
chromatographic module (CMB-2). A 50ul sample loop was used for ali
experiments. The electrochemical cell was controlled by the Dionex
Pulsed Amperometric detector and the current was recorded with the
strip chart recorder.

3.2.3 Synthesis of Polypyrrole Electrodes

Polypyrrole electrodes were prepared as described in Chapter 2; by
galvanostatically electropolymerising pyrrole m o n o m e r (0.5M) from
aqueous solution onto a platinum substrate. The m o n o m e r was purified
by distillation and kept cool in the dark before use. The working electrode
was polished on a polishing cloth with alumina and then ultrasonicated
prior to use. The counterion solutions for polymerisation contained 0.5M
chloride, acetate, dodecyl sulphate, phosphate or carbonate (ali sodium
salts). Using these conditions, it was assumed that 24 m C / c m 2 gives films
of thickness of 0.1 u m (32). The solutions were deoxygenated with
nitrogen for 10 minutes prior to synthesis of the polymer. A current
density of 0.85 m A / c m 2 was used.
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After deposition, the polymer films were thoroughly rinsed, and the
polymerisation solution replaced with different electrolyte solutions.
Cyclic voltammetric experiments were performed using scan rates from
20-100 m V / s .

3.3 RESULTS AND DISCUSSION
The detection of a number of anions namely, Cl", N03", HC03_(pH= 5.8).
C H 3 C O O " , H P 0 4 2 " ( p H = 5.8) and D S " (where D S = dodecylsulphate) was
considered in this work. In ali the cases, the cation employed was sodium
unless otherwise stated.

3.3.1 Polymer Preparation

Since the major objective of this work was to investigate the means by
which selectivity could be varied, the possibility of growing polymers
containing different counterions w a s considered. Polymers containing
each of the anions listed above were prepared by galvanostatic methods.
The potentials required for growth were as expected for Cl", NO3"' P O ^ "
or DS" containing solutions i.e. less than +1.00V.

However for solutions containing CO32" or CH3COO" potentials greater
than 2.00 V were required to initiate polymerisation. This is presumably
due to the nucleophilic nature of these anions (308). These polymers did
not have adequate mechanical properties and therefore were not
considered further.
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3.3.2 Influence of Growth Time on Voltammetric Responses

The polymers considered were grown for different times and the growth
conditions were optimised. It was assumed that 24 m C / c m 2 produces
films of O.lum thickness (32). The polymer-coated electrodes were then
cycled in 1.0 M N a C l solutions. The data from the cyclic voltammograms
recorded at a P P / N O 3 electrode in sodium chloride solutions are shown
in Table 3-1.

Table 3-1 Cyclic Voltammetric Data Obtained in 1.0 M NaCl Supporting Electrolyte at
PP/NQ3 Using Different Growth Times.
Growth
Ep(ox)
Time (min) (V)

2
3
5
10
25
50
Note:

-0.20
-0.10
-0.10
-0.10
-0.10
0.10

Ep(red)

AEp

(V)

(V)

Ip(ox)
(U.A)

0.10
0.10
0.10
0.10
0.10
0.30

31.0
57.0
187.0
142.0
275.0
508.0

-0.10 (B)
-0.20
-0.20
-0.20
-0.20
-0.20

Ip(red)
A)

<^
17.0
27.0
100.0
79.0
158.0
292.0

Ip(ox)
Wed)
1.8
2.1
1.9
1.8
1.7
1.7

Cation
Peaks
P
P
A
A
A
A

(B) = broad, P
••
A:=absent, Scan rate = 100
m V/s, Polymers prepared as described in
= present,
experimental.

From the above data, it can be observed that the anodic and cathodic peak
currents increased as the growth time increased. The anodic peak becomes
broader and approaches a more positive potential as the growth time (and
hence the thickness) increases, whereas the cathodic peak remains
unchanged. A n extra reduction peak appears at more negative potentials
on the thinner polymers; this peak has been attributed to the insertion of
cations of the electrolyte media into the polymer film (284). It can be
observed that the cation peak appears at low growth time (i.e with thin
films) and then disappears as growth time increases. This is because the
thicker the film, the less mobile the counterion used in preparing the
polymer. Therefore, cations of the supporting
incorporated to maintain charge neutrality.

electrolytes are
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3.3.3 Influence of the Supporting Electrolyte on Voltammetric
Responses

Cyclic voltammograms for each of the other polymers were recorded in
1 M glycine solution. The results for PP/Cl are shown in Figure 3-2. In ali
cases, the results indicate that the use of glycine as supporting

-1-0
Anodic

Figure 3-2: Cyclic voltammogram of PP/Cl electrode in 1.0 M Glycine, scan rate - 100 mV/s Polymer
was prepared by galvanostatic electropolymerisation of 05 M pyrrole and 1.0 M NaCl in aqueous
solutions. Growth time = 5 minutes, current density of 0.85 mA/cm2 was employed.

electrolyte does not allow the oxidation/reduction responses normally
observed with polypyrrole (Equation 3-1) to occur efficiently. This would
suggest that undoping of the polymer by applying a negative potential in
glycine media would not proceed in an efficient manner.

Cyclic voltammograms for each of the electrodes were then recorded in
each of the analyte solutions to be investigated. In ali cases, clearly defined
oxidation/reduction responses were observed. The cyclic voltammograms
recorded at PP/Cl

and P P / D S electrodes using different supporting

electrolytes are shown in Figures 3-3 and 3-4 respectively. Also, Table 3-1
summarises the Cyclic Voltammetric data obtained for the electrodes.
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Cyclic voltammogram of PP/Cl in different supporting electrolytes. Electrode prepare
Figure 3-3:
in Figure 3-2. Solvent (a) 1.0 M NaCl (b) 1.0 MNaN03(c)
1.0MNaHCO3
(d) 1.0 M CH3COONa
(e)
1.0MNaH2PO4
(f) 0.1 MNaDS; Scan rate = 100 mV/s.
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Figure 3-4: CycKc voltammogram of PP/DS in different supporting electrolytes. Electrode prepar
in Figurei. Solvent (a) 1.0 M NaCl (b)1.0MNaNO3 (c) 1.0 M NáHCO^ (d)1.0MCHfOONa (e) 1.0 M
NaHPO, (f)O.lMNaDS Scan rate = 100mV/s
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The results for PP/Cl cycled in 1.0 M solutions of the electrolyte solut
shown in Figure 3-3 indicated that well defined responses were obtained.
The responses in chloride (Figure 3-3a) and nitrate (Figure 3-3b)
containing media are well defined whereas they were less defined in
phosphate (Figure 3-3e) solutions. Responses in carbonate, acetate and
dodecyl sulphate solutions (Figures 3-3c, 3-3d, 3-3f) were not as distinctly
defined compared with chloride and nitrate responses (Figure 3-3a & 3-3b
respectively). These anions are presumably not readily incorporated into
PP/Cl.

For the PP/NO3 electrode, a similar trend was observed in ali the media
(Table 3-1), but the magnitude of the oxidation currents were markedly
lower in both nitrate and chloride media than those found for the PP/Cl
electrode.

For PP/PO4 well defined responses were observed in chloride and nitrate
(Table 3-2) media. The responses in phosphate solutions were better
defined than when PP/Cl or P P / N O 3 electrodes were used in these media.
For acetate and carbonate solutions better responses were also observed
with the P P / P O 4 electrode. The magnitude of the response in chloride
media were markedly lower than w h e n PP/Cl or P P / N O 3 electrodes were
employed.

For the PP/DS electrode well defined responses were obtained in 0.1 M
solutions of NaCl, N a N 0 3 , C H 3 C O O N a , NaH 2 PC>4, N a D S and N a H C Ü 3
and are shown in Figure 3-4. It is well k n o w n that with P P / D S anion
removal during cycling is difficult but cation incorporation and removal
during cycling is readily achieved (308,310). The presence of multiple
peaks on the voltammograms suggests that both anion and cation
incorporation/expulsion are involved. The two anodic and cathodic
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peaks observed with PP/DS in chloride, nitrate, acetate, phosphate and DS
eluents (Figures 3-4a, 3-4b, 3-4d, 3-4e, and 3-4f), except N a H C Ü 3 , suggest
that significant cation exchange occurs with these electrodes (310,318,330332). This is consistent with previous observations (308,310).

Obviously, each electrode has a distinct oxidation/reduction behaviour in
the presence of different electrolytes. If doping/undoping occurs in the
flow injection analysis system then this should provide the basis for
selectivity differences .

It is also interesting to note that for ali electrodes except PP/DS, poor
oxidation/reduction responses were observed in the D S containing
eluent (Figure 3-4a and Table 3-2). This suggests that anion/cation
incorporation and expulsion were difficult to achieve. This eluent is
more conductive than glycine and m a y prove a useful alternative as an
eluent in this form of signal generation.

3.4 FIA AT CONSTANT POTENTIAL USING GLYCINE ELUENT
In order to detect the ion exchange processes an appropriate potential
waveform must be employed. H e i n e m a n (82,83) suggested that the
polymer could be undoped upon the application of a negative potential in
the presence of the glycine eluent and then the potential stepped back to
where it should be redoped. Since glycine could not be incorporated this
redoping would only occur in the presence of the analyte. Cyclic
voltammetric data discussed above suggest that it would be difficult to
fully undope the polymer in glycine eluent (Figure 3-2). However, the use
of the potential routine as described by Heineman was investigated.

After the application of a negative potential (-1.00V for 3 minutes) the
effect of the anodic potential on the peak height obtained u p o n injection
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of nitrate w a s investigated. Nitrate was chosen since voltammograms for
ali electrodes were well defined in this m é d i u m (e.g. Figures 3-3b and 34b). Using FIA, the response obtained increased with increasing anodic
potential (Figure 3-5); however at potentials more positive than +0.60 V
polymer degradation was observed. The linearity in the potential curve is
indicative of an ohmic response as previously pointed out by Heineman
et ai. (82). A similar result w a s obtained using a bare platinum working
electrode upon the injection of sodium nitrate solutions (Figure 3-5) into
the glycine eluent thus confirming similarity in the observed behaviour
on both the platinum and polymer coated electrodes.
800
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Figure 3-5: Peak height versus anodic potential applied. Experimental setup as described in the
Polymer was "undoped" at -1.00 V for 3 minutes between injections. Injection of 10T2 M N03, inject
volume, 50 fiL, Eluent, 1.0 M glycine, and flow rate, 1.0 mL/min.

Similar trends in peak height versus the applied constant potential were
obtained for ali electrodes and were independent of the analyte
considered. For constant potential work, +0.40V would give reasonable
sensitivity and prolong the electrode lifetime because at this potential the
polymer would undergo normal ion exchange processes since the
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polymer is in its oxidised form. The responses obtained for the injection
of different concentrations of nitrate solution are shown in Figure 3-6:
(a)
30 nA

Figure 3-6: Flow Injection Analysis (FIA) responses for NàN03
at PP/N03 electrode. Undoped at -1.00V
for 3 minutes. Potential = + 0.40 V. Current sampled every 60 ms for 16.7 ms at the end of pulse, (a) lx 10'
3
M, (b) 5xl0'4 M, (c) 25 xlO'4M and (d) 12 xlO'4M. Injection volume, 50fiL; Eluent, 1.0M glycine; and
Flow rate, 1.0 mL/min.

Cyclic voltammetric data (as s h o w n above) indicate that in glycine,
undoping is difficult to achieve and consequently this experiment w a s
carried out without the undoping step. The results obtained were similar
to those obtained with the application of a negative potential (to undope)
in between injections. That is for injection of nitrate, at least, similar
sensitivities were obtained with or without applying a negative potential
and the response versus E a n o d e increased in a linear fashion with
increasing anodic potential.
The responses obtained at constant potential did not decrease with
subsequent injections provided the potential w a s kept at less than +0.50V
(Figure 3-7). In fact, at least fifty injections of 2x10' 3 M

nitrate were

possible without a decrease in peak height, thus suggesting that
electrochemical "undoping" of the polymers w a s not necessary.
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(5-7)

(25-27)

(45.47)

40nAj

5 min
I

— i

Figure 3-7: Responses obtained at constant potential for the injection of 2xl0'3 M NaN03. Conditions
Figure 3-5 but no undoping step was employed. Injection numbers in brackets.

S o m e component of the responses obtained m a y be due to changes in
conductivity of the eluent w h e n the analyte is in the detection cell. Given
the low conductivity of the glycine eluent compared to the nitrate
injected, some contribution due to this change in conductivity is possible
and expected. The specific conductance of 0.01 M glycine is 3.8 m S and that
of N a N Ü 3 is 4.23 m S . However, the current m a y also be due to the fact
that increased solution conductivity will result in a change to the
effective applied potential. This in turn will determine the doping levei
of the polymer and the current associated with this process would also be
expected.

It appears that the signal may be made up of different components
depending on the characteristics of the electrode: For example, on bare
platinum electrode, the injection of an electroinactive species in FIA at
constant potential will generate a transient charging current (ic) due to
changes in conductivity and capacitance. This change in conductivity
(resistance) will ultimately give rise to changes in the real applied
potential ( V R ) as a function of time (t) as described by the following
equation:
V R = V a p p - iR

(3-2)

Hence the current obtained at the bare platinum electrode w h e n the
sample plug passes over the electrode is due to the capacitance changes
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(AC) which is a function of electrolyte nature and concentration and the
applied potential.

On a polymer-coated electrode however, these effects are enlarged due to
the large surface área (A) and increased capacitance (C) of the electrode. It
is also possible that simple ion exchange processes occur at the polymer
surface. A n y change in the polymer composition m a y change the
polymer conductivity and give rise to a current. Therefore additional
changes probably due to changes in polymer conductivity, ion exchange
induced doping/dedoping effects are observed with the polymer present.

3.4.1 Effect of Polymer Composition on FIA Detection

The effect of polymer composition on the response for each analyte was
considered using an applied constant potential of +0.40 V. The counterion
incorporated during synthesis has an obvious effect on the sensitivity
towards particular analytes. The sensitivity was taken from the linear
portion of the calibration curves. The selectivity series deduced from the
sensitivity data are shown below:
PP/DS NO3" > HPO42" >CH3COO~> HC03"> Cr > DS"
> H P O 4 2 " > c r > DS"

PP/PO4

C H 3 C O O " > NO3"

PP/CI

Cr

PP/NO3

H C 0 3 " > H P 0 4 2 " > C H 3 C O O " > DS" > N 0 3 "

> HCO3"

> H C O 3 " > N O 3 " > H P 0 4 2 " > C H 3 C O O " > DS"
> O"

Different selectivities obtained for some of the ions at the polymer
electrodes investigated are shown in Figure 3-8:
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Figure 3-8: Selectivity differences obtained for some analytes at polypyrrole electrodes; (a) Chloride,
Carbonate, and (c) Phosphate ions. Polymers were prepared as described in the Experimental Section,
Atrplied constant potential = 0.40V, Flow rate = 1.0 ml/min, eluent -l.OM glycine, injection volume = 5

The different selectivities obtainable for the detection of chloride,
carbonate and acetate ions using PP/Cl, PP/DS, PP/PO4 and PP/NO3

electrodes are shown in Figure 3-8. The selectivity data shown in Figure 3
8a & 3-8b suggest that the PP/Cl polymers should be very selective to
chloride and carbonate ions. As shown in Figure 3-8c, phosphate ions
should be selectively detected with PP/PO43" polymer whereas it cannot be
detected at ali with PP/Cl electrode.

The calibration curves obtained for selected species are shown in Figure 3
9. The corresponding curves when a blank platinum electrode was used
are also shown in this figure. These results suggest that even with
constant applied potential some ion exchange occurs because if the signal
was simply due to conductivity changes in the eluent, no change in
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selectivity w o u l d b e expected. B u t w i t h s o m e anions c h a n g e s in the
conductivity will be greater and the doping levei will also be different.
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Figure 3-9: Calibration plots obtained at (+ 0.4V ).constant applied potentials for selected analytes at eac
electrode considered. Eluent, 1.0 M glycine; Flow rate, 1.0 ml/min., Injection volume, 50 yL. (a) PP/Cl
electrode, calibration curves for N03~ and HCO3; (b) PP/NO3 electrode, calibration curve for HCO3', (c)
PP/PO4 electrode, calibration plot for CH3COO', and (d) PP/DS electrode, calibration curves for NO3and HPO42-.

At lower concentrations, the calibration curves obtained were mostly
non-linear. This was presumably due to the mechanism of signal
generation being distorted by the low ionic strength of the eluent.
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Consequenüy, the detection limits were, as in Heineman's work, limited
to the 10"5M region for most of the anions considered. Similar results

were obtained on ali electrodes giving rise to detection limits of the order
of 10"5M for ali analytes. Since the purpose of this chapter was to explore
means of adjusting selectivity, the sensitivity aspect was not pursued
further.

3.4.2 Influence of Growth Time on FIA Signals

Polymers grown for different times were used in flow injection analysis
for the detection of electroinactive species in order to investigate the
influence of growth time on the signals. Results obtained for the injection
of nitrate ions are shown in Figure 3-10:
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Figure 3-10: FIA signals obtained at P P / N 0 3 for the detection of 5 * 2 0 " 4 M nitrate using glycine eluent.
Eluent = 2.0 Aí glycine, Applied potential = +0.40 V, Flow rate = 1.0 ml/min., Injection volume = 50 fiL.

Similar responses were obtained for ali the ions considered. This indicates
that as growth time increases, the signal for electroinactives decreases.
This suggests that the thinner the polymer, the higher the sensitivity.
However, growth time of five minutes were chosen for ali detection
because it produces reproducible polymers with well defined cyclic
voltammograms.
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INFLUENCE OF CATION ON H A SIGNALS

Using PP/Cl or P P / D S electrodes the effect of varying the cation of the
chloride-containing salt which w a s injected into the glycine eluent was
considered. The results are s h o w n in Figure 3-11. From these results, it
was found that the nature of the cation in some cases had a dramatic
effect on the analytical signal and the calibration curve obtained.
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Figure 3-11: Influence of cation on calibration plot obtained at constant potential using polypyrrole
electrodes with glycine eluent. (a) PP/Cl and (b) PP/DS, Applied potential = 0.40V, Injection volume ••
50piL, Eluent, T.0M glycine, flow rate = 1.0 ml/min.
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In particular, when metal ions with higher charge are used higher
sensitivities were obtained. This further suggests that some of the signal
is due to changes in solution conductivity w h e n the analyte is present or
due to cation incorporation into the polymer. However the latter is
unlikely at the potentials employed. These trends were similar for both
electrodes except that the order of sensitivity for K + and N a + w e r e
reversed. This experiment illustrates that the P P electrode is more than a
simple anion detector.

3.6 FIA USING DS CONTAINING ELUENT
The use of the dodecyl sulphate containing eluent was considered with a
view to altering the electrode selectivity. Sensitivities were taken from
the linear portion of the calibration curves. The following selectivity
series can be deduced.
> NO3"

> HP042"> HCO3" >DS" > C H 3 C O O "

PP/CI

CF

PP/DS

N O 3 " > C H 3 C O O " > H P O 4 2 " > CT, H C O 3 "

> DS"

The eluent employed does have some bearing on the selectivity series
that can be obtained. The effect is more obvious if the changes in certain
selectivity factors (i.e. ratio of sensitivities) are considered. With PP/Cl in
glycine the selectivity factor for N 0 3 " / H P 0 4 2 " is 4.8 and with D S eluent it
is only 2.8. However with DS, the N 0 3 " / C H 3 C O O _ ratio is 8.4 while with
glycine it is only 1.3. Similarly, with the P P / D S electrode the N 0 3 " / H P 0 4 2 selectivity factor is only 2.2 in glycine but 9.0 in D S eluent. This eluent
dependence supports the hypothesis that ion exchange between the
analyte and polymer contributes to the signal observed since the eluent
ions will compete for these sites and change the selectivity. Furthermore
in D S eluent, the change in conductivity w h e n the analyte is injected is
not so marked. For example, the conductance of 0.1M S D S is 5.78 m S
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while that for 0.01M N a N 0 3 is 4.23 m S (as stated previously). The shape
of the calibration curves obtained was similar to those obtained using
glycine as the eluent, thereby restricting detection limits to the 10"5M
range.
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Figure 3-12: Influence of cation on calibration plot obtained at constant potential u
electrodes with DS eluent. (a) PP/Cl and (b) PP/DS. Other conditions as in Figure 3-6.
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The effect of cation on the responses observed using DS containing eluent
was also considered and the results are s h o w n in Figure 3-12. F r o m the
results, it was found that while there w a s an effect on the responses due
to these cations, it was different from that observed with glycine in that
w h e n K + was present the responses were more sensitivity than w h e n N a +
was present.

3.7 PULSED AMPEROMETRIC DETECTION (PAD)
The use of pulsed amperometric detection (PAD) was considered for the
detection of electroinactive species. The unique aspect of this approach is
due to the stability, improved sensitivity at pulsed potential and the
reproducibility of the signals obtained with the polymer electrodes w h e n
adapted for use in a flow injection analysis mode.

3.7.1 Effect of Pulsed Potential on Sensitivity

The use of pulsed potential waveforms should amplify the signals
obtained since the polymer would be continually oxidised and reduced
(and hence anion exchange encouraged) in the presence of the analyte.
Despite the fact that the cyclic voltammograms suggested that the
electrochemical doping and undoping would be difficult in glycine media,
an increase in sensitivity using pulsed techniques w a s still observed.
Typical FIA responses at pulse potentials are shown in Figure 3-14:
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Figure 3-13: FIA responses at applied pulse potentials for NaN03 at PP/NO3 electrode (a) 1 x 10~3 M, (b)
5x10 ~4M, (c) 25 x W4 M (d) 2.2 x 1(T4 M Ej= 0.4 OV E2 =-1.00 V tt = t2 = 60 ms, Current was
measured for 16.7ms at the end of pulse. Injection volume, 50 pL, Eluent, 1 M glycine, and Flow rate, 1.0
mL/min.

The sensitivities obtained for glycine and D S eluents are shown in Tables
3-3 and 3-4 respectively.
Table 3-3:

Sensitivity for Analytes at the Electrodes Investigated

Sensitivity
(nA/mmol)

NO3"

Electrode
PP/Cl

PP/DS

PP/PO 4

PP/NO3
(1)
(2)
(3)

2

HPO4 -

HC0 3 -

CH3coo" cr
0.0

DS'

15000

0.0

(45000)

(480)

4800

1000

5200

(9840)

(1248)

(2700)

8300

3750

(8460)

(4000)

(2680)

(880)

(NA)

(NA)

500

300

440

2750

120

100

(2040)

(4860)

(2300)

(1000)

(1400)

(260)

200

360

1630

300

140

260

(1500)

(2441)

(1600)

(1680)

(900)

(1080)

200

(560)

760

115

100

The values shown, not in brackets, represent the sensitivities obtained using a constant
potential (+0.40V) without undoping.
Values in bracketsrepresent the sensitivities obtained using pulsed potentials. E ^ ^ j =
+°MV,Efbua = -2.00V, Pulse width = 60 msec.
Sensitivity was taken from the calibration curves obtained. (NA = not available) , Injection
volume = 50/iL, flow rate = 2 ml/min., Electrodes were prepared as described in the
Experimental Section.
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Table 3-4: Sensitivity with Surfactant Containing Eluent
Sensitivity
(nA/mmol)
HPQ42'

HCO3-

8400

3040

1980

100

21000

112

(17710)

(14800)

(4800)

(1586)

(5400)

(680)

NQ3PP/Cl

PP/DS

Notes:

C H 3 C O O ' Cl'

7252

850

660

1460

(18450)

(1040)

(1285)

(1350)

850
(1680)

DS'

140
(580)

(1) As per Table 3-3 but 0.1M DS eluent was employed. (2) Figures in brackets are for
pulsed detection as per Table 3-2, Sensitivity was taken from the calibration curves
obtained. (NA = not available) , Injection volume = 50fiL, flow rate = 2 ml/min.,
Electrodes were prepared as described in the Experimental Section.

Of particular interest is the changes in relative sensitivities and hence
selectivity factors obtainable with different electrode composition and
different eluents. It w a s also observed that the sensitivity recorded for
the electrode changes for every n e w polymer deposited. This could be due
to the fact that the polymer surfaces are not exaclty the same for every
n e w polymer grown.
Amperometric currents obtained at polymer coated electrodes for the
detection of electroinactive anions are based o n the fact that the
application of pulsed potentials induces the oxidation of the polymer and
subsequent incorporation of the anionic species. This then neutralises
the positive sites generated during oxidation of the polymer as s h o w n in
the schematics below:
E(V)

I +0.4 v
El

E2

-1.0 V I
anion

anion uptake

|

I

I

release

g- Time(ms)
Figure 3-14: Schematic showing the possible mechanism of signal generation at polypyrrole electrodes.

Conversely, the reduction process involves the removal of the positive
charges from the polymer, and then the expulsion of the doping ions (as
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described in Chapter 2). This mechanism is only valid in case of small
hydrophilic anions (179). If the oxidation/reduction is performed in the
presence of large anions such as dodecyl sulphate, the capturing of these
anions by the polymer is irreversible and hence cations are incorporated.
This implies that the total current generated o n a P P electrode containing
a small hydrophilic counterion is given by:
itthotal = hx(A~) + icdl

+

^cond

(3-3)

where iex (A~) = current due to ion-exchange induced redox reaction at the
polymer backbone (anion controlled).
icdi= charging/discharging (capacitive) current which can be very
appreciable due to the pulsing. This can also provide a crude selectivity
due to anion size.
l

cond = current due to the changes in conductivity of the analyte (which is

directly related to the nature of the analyte and concentration).

Whereas current generated by a PP containing a large hydrophobic anion
will be given by:
Üthotal =

2

ex(C+> +

*cdl

+

hond

(3-4)

w h e r e iex (C+> = current d u e to ion-exchange redox interaction at the
polymer backbone (cation controlled).

The use of pulsed potentials in the DS containing eluent in general had a
more pronounced effect on sensitivity. Again, changes in selectivity could
be induced using pulsed potentials compared with constant potentials in
the D S containing eluent.

3.7.2. Electrochemical Stability
Stability of conducting polymers is an essential factor in their application
as sensors. The stability of the polymer electrodes w a s determined for
injections of phosphate ions using glycine eluent. Results obtained were
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compared with those recorded using cyclic voltammetry in the stationary
system. Figure 3-15 shows the results obtained for the electrodes that were
cycled in electrolytes over a period of time using N a H 2 P 0 4 solutions.
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PP/PO43-
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Figure 3-15a: Stability for polypyrrole electrodes in static solution of 0.05 M sodium phosphate. Aver
ofthe anodic (L„) <*nd cathodic Ü—gd) currents were recorded in a cyclic voltammetric experiments at
slow scan rates of 10 mV/s.

Electrodes were continously cycled for the first few hours of the
experiment and later the voltammograms were recorded after every 2
hours using the electrolyte solutions at low scan rates. The electrodes
were stored in the electrolyte solutions in-between experiments. Under
these conditions, well defined current profiles could still be observed at
PP/Cl electrodes for u p to six hours after which the currents decreased
considerably. With P P / D S and P P / N 0 3 however, considerable reduction
in current w a s obtained in static solution after about 3 hours, whereas
PP/PO4 electrode was quite unstable to cycling as evidenced by the sudden
drop in the current measured after only about one hour of cycling.
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In the flow system, a similar experiment was conducted for an electrode

prepared as described in the experimental section using a thin layer cell.
The eluent was left flowing over the polymer films at 0.3 ml/min
(overnight and throughout the time of the experiments). Then 10
consecutive injections of the analyte were carried out at every 2 hours.
Quantitation of the peak heights was recorded with time and the results
are shown in Figure 3-15b.
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Figure 3-15b: Stability recorded for polypyrrole electrodes in flowing solutions for the injections of1 xlOr
4
M sodium phosphate Conditions: 1.0 M glycine solutions, Injection volume = 50uL, flow rate = 03
ml/min., Ei = 0.4 V, Ei = -1.0Vti = t2 = 60ms.

Results of Figure 3-15b show that PP/Cl electrode was relatively stable in
the flowing system over the two weeks period. Compared with the
stabilities recorded for the polymers in static solution however, PP/DS,
PP/N03 and PP/PO4 could still be used for days. This improved stability

in flowing solution was attributed to the fact that the electrodes were no

exposed to air. It is also likely that the polymer surface was not changin
considerably due to the application of transient (instantaneous) pulse
potential. Whereas in the cyclic voltammetric experiments, the

:ies

application of (periodical) potential r a m p could change the polymer
surface greatly.

3.8 CONCLUSIONS

This chapter demonstrates that it is possible to alter the selectivity for
detection of electroinactive species with conducting polymers by altering
the polymer composition. H o w e v e r , as the above studies show, the
mechanism of signal generation for detection of electroinactive species at
conducting polymers is not simple. It appears that more than simple
doping/undoping of the polymer is involved since the cation has an
effect and also the potential waveform applied has a dramatic effect on
the relative sensitivities obtainable. Consequently, the signal m a y be
made

up

of different components

(depending on

the surface

characteristics of the electrode) as follow:
•

Change in conductivity of Solution (A con d-), causing ohmic current
flow and changes in the polymer redox state.

•

Ion exchange effects changing polymer conductivity (Aicp)

•

Electrochemically induced ion exchange effects changing polymer
conductivity and giving rise to anodic current signals (Aiex)

•

Effects due to charging/discharging induced by pulsing.

The predominant factor will largely depend on the polymer, eluent and
analyte combination and the potential waveform employed. O n bare
platinum electrode, signals obtained for the electroinactive species at
constant potential is mainly due to the changes in conductivity and
capacitance, giving rise to changes in the real applied potential. Hence the
current obtained at the bare platinum electrode w h e n the sample plug
passes over the electrode is due to the capacitance (C) changes which is a
function of electrolyte nature and concentration.
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On polymer-coated electrodes at constant potentials, these effects are
enlarged due to the large surface área (A) and increased capacitance (C) of
the electrode. Hence additional changes probably due to changes in
polymer conductivity, ion exchange induced doping/dedoping effects are
observed. Further changes in conductivity and capacitance are also
observed w h e n potential pulses are applied because the polymer is n o w
oxidised /reduced and more ic currents are generated. Also, with the
applied potential pulses, capacitance/resistance become more important
in the rate of decay of ic.

Further work is required in order to address the problems due to lack of
conductivity in the glycine eluent. Improvement in the detection limit
for the ions is also necessary in order to fully exploit this detection
scheme and also to incorporate the improved features obtained with
pulse detection. S o m e of these problems are addressed in the next
chapter.
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Chapter 4

The Use of Polypyrrole-coated
Microelectrodes for the Detection
of Electroinactive Species.
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4.1 INTRODUCTION
In Chapter 3, the detection of electroinactive ions on polypyrrole-coated
electrodes using conventional electrodes as substrates w a s discussed. It w a s
demonsfrated that selectivity could be induced with the choice of eluent and
electrode composition. The use of pulsed potentials w a s also s h o w n to
increase the sensitivity for the detection of electroinactive anions.

The mechanism involving the generation of signal due to
oxidation/reduction is most suitably employed using flow injection analysis
(FIA) and

an eluent w h o s e ions are not readily incorporated. The

oxidation/reduction of the polymer is then dependent on the presence of
more

easily

incorporated

ions

(analytes)

and

the

degree

of

oxidation/reduction is directly related to the concentration of these species. It
was observed that while selectivity of detection could be induced through
the appropriate choice of polymer composition, eluent and the sensitivity
enhanced by the applied potential conditions, the detection scheme suffers
from rather high detection limits.

The use of carrier eluents with anions that are not readily incorporated
inevitably leads to the use of eluents containing larger ionic species and/or
electrolytes of lower concentrations. Such solutions have low conductivity.
In a conventional electrochemical cell this leads to increased iR (ohmic) drop
and loss of control over the applied potential. Consequenüy the analytical
signal is distorted.

Microelectrodes (typically disks or fibres of radius 1-100 um) have been found
to offer several advantages over electrodes of conventional sizes (333-346).
The advantages of using microelectrodes in flowing solutions include: small
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size (small volume required), time independent current response (steady
state), small diffusion layer (analytical response is significantly less
dependent on flow rate), less ohmic (iR) drop, little or no supporting
electrolyte needed w h e n used in electrochemical experiments, and a more
rapid response time for the detector .

The use of eluents with low ionic strength has previously been advocated
(347,348). This has already been used to advantage in analyses with flow
electrochemical detection cells (349,350). The low current encountered results
in low iR drop (hence minimal distortion to potentiostatic control).
Measurements of low analyte concentrations and hence excellent S / N ratio
have also been reported with microelectrodes (345). The increased sensitivity
obtainable at microelectrodes could therefore be used to advantage in
lowering the detection limit in this work for the detection of electroinactive
species at polymer-coated microelectrodes.

Other workers have shown that conducting polymer-coated microelectrodes
are capable of faster switching speeds than their macroelectrode counterparts
(64,351,352). These features of microelectrodes should enhance the sensitivity
of the proposed detection method using conducting polymers to detect
electroinactive species.

4.1.1 Aims and Approach of this Chapter

The aim of this chapter is to investigate the use of microelectrodes in the
detection of electroinactive ions using conducting polymer sensors.
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4.2 EXPERIMENTAL
4.2.1 Reagents

Ali reagents used were of analytical grade (AR) grade purity unless other
stated. Pyrrole (Sigma) was distilled before use. 0.5 M Pyrrole solutions were
prepared using distilled (Mill-Q) deionised water with a resistivity of 17.8
M Q / c m . Standard solutions of 1.0 M N a N 0 3 , 1.0 M C H 3 C O O N a , 0.5 M
NaHC0 3 ,1.0 M N a H 2 PO4 and 0.1 M NaCi2 H25 SO4 were prepared.

4.2.2 Instrumentation

An in-house built microgalvanostat, a BAS 100A Electrochemical Analyser,
Dionex Pulse Amperometric Detector (PAD-2), a Dionex analytical p u m p
(APM-1) and an ICI D P

600 chart recorder were employed. Ali

electrochemical measurements were performed in a faraday cage (see Figure
4-1).

Platinum microelectrodes (lOum-diameter) were either obtained from Micro
Glass Instruments, Victoria, Austrália or homemade. H o m e m a d e microdisk
electrodes were fabricated by sealing platinum wire (Goodfellow Metals, U K )
in glass as described elsewhere (333).
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Figure 4-1:

Microelectrode FIA Set-up.

Surface treatment of the conventional macroelectrodes (0.071 cm2) and
microdisk electrodes involves successive electrode polishing with 0.30 and
0.05 u m alumina slurries on a flocked-twill polishing doth (Leco) immersed
in hot concentrated perchloric acid, and thoroughly rinsed with distilled
water before ultrasonicating for 30 seconds. Electrodes prepared in this
manner were termed "clean" if a reproducible profüe w a s obtained while
cycling the potential between 0.0 and 1.0V vs A g / A g C I in 0.01 M
orthophosphoric acid as eluent (341). A 50 u L sample loop w a s used for ali
flow injection analysis (FIA) experiments.

4^.3 Cell Design

The detector cell used for FIA consisted of a Dionex thin layer cell
comprising stainless steel bolts (at opposite corners), while the other half (the
lower block) consists of a 3.7 x 2.3 x 1.2 c m Teflon block with 2 5 % glass (see
Figure 4-2).

N»\ J2A'

I > H I II 1111 1 l I i n n tr

T«-flon Hock

3
— 4
Figure 4-2: Showing the modified Dionex Thin Layer Cell containing the microdisk electrode (1)
Inlet from the chromatographic pump, (2) Spacer, (3) Microelectrode Screw-fit, (4) Electrode wire
contact, (5) Platinum ouüet tube and auxiliary electrode, (6) Flow to reference electrode.

A 0.6 c m diameter hole w a s drilled in the centre of the lower block to
accommodate the microdisk platinum working electrode. The spacer w a s cut
from 0.178 m m

thick Teflon. The length of the flow channel w a s

approximately 6 m m . The screw fit of the electrode holder permitted quick
replacement of a platinum disc Microelectrode. The cell design is readily
adaptable to m a n y different working electrode materiais such as glassy
carbon, gold or carbon paste.

Ali measurements were carried out in a Faraday cage and optimum results
were achieved by placing the waste bottle within the Faraday cage.

4.2.4 Electropolymerisation Using Microelectrode Substrates

Polypyrrole electrodes were prepared by galvanostatic electropolymerisation
from a (0.5M) m o n o m e r solution onto a 10 u m platinum. Counterion
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solutions for the polymerisation contained sodium salts of 1.0 M Cl", 1.0 M
PO4 3 " or 0.1 M dodecylsulphate (DS"). The solutions were deoxygenated with
nitrogen for 10 minutes prior to synthesis of the polymer. Current densities
between 0.5-5.0 m A / c m 2 were used and polypyrrole was deposited for 10
minutes.

4.3 RESULTS AND DISCUSSION
The polymers considered in this work were polypyrroles containing chloride
(PP/Cl), nitrate (PP/N0 3 ), phosphate (PP/PO4) and dodecylsulfate (PP/DS)
since these were previously s h o w n in Chapter 3 to exhibit marked
differences in selectivity for detection of a range of anions with
macroelectrodes.

4.3.1 Polymer Synthesis

Closer investigation of the electropolymerisation process reveals that the
polymer often forms in solution and then deposits onto the electrode (64).
The initiation of this growth on microelectrodes is usually more difficult
than on macroelectrodes owing to the increased rate of mass transport of
reactants and products on microelectrode. The greater rate of transport of
product from the microelectrode surface mitigates against the polymer
deposition process.

Consequenüy in this work, attempts to grow polymers using galvanostatic
conditions with current densities and growth times the same as those
previously employed with macroelectrodes were unsuccessful. It was
necessary to increase the current density to 2 m A / c m

(compared with the

0.85 m A / c m 2 used previously on macroelectrodes) and the growth time to 10
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minutes in order to obtain a deposit. Under these conditions
chronopotentiograms were similar for both micro- and macroelectrodes
(Chapter 2, Figure 2-1).

Increasing the current density beyond 2 mA/cm2 results in a degradation of
its electrochemical

properties. The observed

degradation

in the

voltammogram could be due to overoxidation of the polymer (353).
Reducing the growth time to less than 10 minutes produces no polymer and
this was evidenced by the disappearance of the expected oxidation-reduction
peaks on the voltammograms recorded after synthesis. The potentials
encountered during polymerisation of each of the electrodes under
consideration are shown in Table 4-1.

Table 4-1: Electropolymerisation conditions employed
for polypyrrole coated microelectrode .

Current
Density
(mA/cm2)

Approximate
Potential
at which
Polymerisation
begins (V)

PP/Cl
PP/PO 4

2.00

0.70

2.00

0.60

PP/N03

2.00

0.75

PP/DS

0.85
2.00
were grown as described in the Experimental Section
Note: Polymers
using 10um
; platinum.

In some cases, the potentials required for growth were about 100 m V less
than those recorded at polymer-coated macroelectrodes. This m a y be due to
the increased mass transport observed with microelectrodes or lower iR
drop.
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4.4

ELECTROCHEMICAL CHARACTERISATION O F THE POLYMERCOATED MICROELECTRODES

The cyclic voltammograms (CVs) of Figure 4-3 recorded after the synthesis
were similar to those reported for macroelectrodes in Chapter 3. A s shown in
Figure 4-3a the expected response at approximately -0.20V (labelled A')
corresponding to the switching of the polymer from its neutral to charged
state (previously shown in equation 2-1) was observed.
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Figure 4-3: Cyclic Voltammograms obtained for four different polypyrrole electrodes coated on platinum
substrates using 1.0M NaCl supporting electrolytes. (a) = PP/Cl, (b) PP/DS, (c) PPINO3, (d) PP/P04,
Polymers were prepared galvanostatically for 10 minutes using 2 mA/cm2 current density. Scan rate = 20
mV/s.
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Currents recorded in ali cases on polypyrrole-coated microelectrodes were
consistent with the decrease in surface área from macro to microelectrodes.
Some notable differences could however be observed in the C V s compared
with macroelectrodes: the reduction response corresponding to the switching
of the polymer at about -0.2V were m u c h pronounced for the polymers
coated on microelectrodes (Figure 4-3a) than for the macro electrode-coated
polymers (Chapter 3, Figure 3-3a). This m a y be due to the enhanced rate of
mass transport leading to improved ion exchange at the microelectrodes and
or lower iR drop.

These differences are more noticeable when the polymers were cycled in
various supporting electrolytes as shown in Figure 4-4 using PP/Cl (micro)
coated electrodes (compared with Figures 3-3 in Chapter 3).

As with conventional, larger, electrodes the potential at which the
oxidation/reduction occurred and the magnitude of the current flow was
dependent on the nature of the supporting electrolyte employed (Figure 4-4).
Well defined responses were recorded for the electrodes in ali the electrolyte
media investigated.

Sharper anodic and cathodic peaks were obtained on the microelectrodecoated polymers compared with polymers deposited on macroelectrodes.
This is noticeable for acetate, carbonate, phosphate and D S anions possibly
due to the enhanced rate of transport at the microelectrodes and the reduced
iR drop.
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Figure 4-4: C V s obtained at PP/Cl (micro) electrode in various supporting electrolytes: (a) 1M NaCl, (b
NaN03, (c) 1M NaHC03/
(d) 1M NaCH3COO,
(e) 1M NaH2P04., and (f) OÍM NaDS. Polymers
prepared as in Figure 4-3. Scan rate = 20 mV/s.
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Of particular interest is the cyclic voltammogram obtained for DS ions at the
polymers as s h o w n for PP/Cl (micro) electrode in Figure 4-4. The peak
shapes closely resemble those of a rapid electrochemically controlled ion
exchange process (Figure 4-3e, 4-3f). Also of note is the general similarities in
the voltammograms obtained with the use of chloride or nitrate (Figure 4-4a,
4-4b) and carbonate/acetate electrolytes (Figure 4-4c, 4-4d), and also phosphate
and D S electrolytes (4-4e and 4-4f). This could be due to the similar affinities
of these ions for the polymer as described in Chapter 2 (327). Thus the use of
microelectrodes as substrates for the electrochemical deposition of
polypyrrole enables faster redox processes to be induced.

Cyclic voltammograms were then recorded in the glycine eluent. In contrast
to the results obtained at macroelectrodes, well defined responses were
obtained in this case as s h o w n in Figure 4-5.
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Figure 4-5: Cyclic voltammogram recorded for 1 M glycine using PP/Cl (micro) coated electrode. Polym
prepared as in the Experimental Section. Scan rate = 20 mV/s.
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Figure 4-5 confirms that polymer-coated microelectrodes are capable of
undergoing the reactions described by equation 3-1 in low conducting
glycine. Although as expected, the current magnitudes recorded for the
polymer in the glycine eluent were lower than w h e n other electrolytes such
as NaCl or N a N 0 3 solutions are employed (compare current magnitudes of
Figure 4-5 with that of Figures 4-4a & 4-4b). The fact that well defined
responses were recorded with polymer-coated microelectrodes using the
glycine eluent suggests that the mechanism of signal generation for the
electroinactives

at microelectrode-coated

polymers

and

that of

macroelectrode coated polymers could be different. Rapid response times are
expected for the electroinactives for polymers coated on microelectrode
substrates.

4.4.1 Chronoamperometry

Chronoamperometry was carried out at polypyrrole coated microelectrodes
so as to fully understand the time dependence of the oxidation/reduction
processes at the microelectrode polymers. Investigations involving the
potential step sequence were carried out in flowing solutions.

The potential was first held at -1.0V and was stepped to 0.6V within 60 ms
time frame as shown in Figure 4-6. The current transient recorded at PP/Cl
(micro) electrode is shown in Figure 4-6b using 1.0 m M N a N 0 3 electrolyte.
Well developed máxima with very rapid discharge were obtained for the
electrolyte ions in less than 10 m s . This confirms that the faster response
could be obtained at microelectrode-coated polymers compared with
macroelectrode-coated polymers (Figure 4-6b). This is in accordance with
previous observations (351).
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Figure 4-6: Chronoamperograms recorded in flowing system using 1.0 mM NaN03 at (a) PP/Q (macro), (b)
PP/Cl (micro) coated electrodes. Initial potential (E^= -1.0 V, Final potential (E2) = 0.60 V, Flow rate
ml/min.

4.5

H A W I T H POLYPYRROLE MICROELECTRODES

Polymers coated onto microelectrodes using the procedures described above
were then mounted in the flow injection analysis system also described in
the experimental section. Using larger electrodes, it was previously shown
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that enhanced sensitivity for detection of electroinactive ions is obtained
when a pulsed potential waveform is used with flow injection analysis. A
pulsed potential waveform was therefore considered in this work.

Hydrodynamic voltammograms were obtained using a glycine eluent. With

the initial potential (Ei) kept constant, the pulsed potential (E2) was vari
and responses for injections of nitrate were obtained (see Figure 4-7).
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Figure 4-7: Hydrodynamic voltammogram recorded at PP/Cl (micro) coated electrodes using lxlOr^ M NaN03
solution. 1.0 M glycine eluent Flow rate = 1 ml/min. Conditions: Ei = 0.4V, E2 = -1.0V 1-^=12 = 60 ms.
Injection volume = SOfjL

The results were as expected with signal intensity increasing at more

negative applied potential and the reactions described in Chapter 3/equation

3-1 are initiated. The magnitude of the response levelled off between + 0.20
V and -0.40 V where anion incorporation/expulsion is expected to reach a
limiting value. The further increase observed at more negative potentials
was presumably due to cation incorporation and expulsion from the
polymer. It is known that in most systems cation movement in and out of
the polymer can be observed (64,351). The efficient electrochemical control
obtained with microelectrodes probably means that anions are incorporated

if the potential is applied over an appropriate range. Although only one wel
defined oxidation/reduction response was observed using cyclic
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voltammetry, cation incorporation is not always readily discerned using this
technique (353). This m a y also suggest that the influence of cation on the
signal generation mechanism at microelectrode coated polymers m a y be
minimal.

The detection of sodium salts of nitrate, chloride, carbonate, phosphate,
acetate and dodecylsulfate were then considered using pulsed amperometric
detection. The potential was pulsed between +0.40V and -1.00V with the
current sampled at the end of the positive going pulse. Sampling at the
positive potential minimises any background signal arising from dissolved
oxygen reduction. For ali ions, well defined responses were observed.

40 n

EI N0 2
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Figure 4-8: Calibration curves obtained for anions using PP/Cl (micro) in 1.0 M glycine eluent. Conditions:
Ei =Q.4V, E2 = -2.0V) tt = t2 = 60 ms. Flow rate = 2 ml/min. injection volume = 50(iL
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It was found that responses for ali ions investigated increased over the
concentration range considered (ie. from detection limit to 10" 2 M). For
example, curves obtained using PP/Cl is s h o w n in Figures 4-8. The
sensitivities obtained from the slopes of these calibration curves are
summarised in Table 4-2 below.

Electrode

Sensitivity *3'(nA/mmol/cm2)
for analytes at the microelectrodes
investigated using glycine eluent
NQ 3 '
HPQ42- HCQ3- CH3COQCl'
DS~

pp/a

16.5

Table 4-2:

PP/DS
PP/PO4

235.0

24.0

86.0

24.0

12.0

(35.0)

(0.4)

(7.8)

(0.9)

(2.1)

(0.4)

6.6

3.1

6.6

4.0

2.8

0.5

(3.4)

(0.9)

(2.0)

(0.7)

(0.0)

(0.0)

0.1

0.1

0.1

0.1

0.1

0.1

(1.6)

(3.8)

(1.8)

(0.8)

(1.1)

(0.2)

Notes: (1) Values shown in brackets represent the sensitivities obtained using macroelectrodes
(Pulse) (from chapter 3) and the values are in the order of 10 (3) Sensitivity values were
normalised for electrode size compared with Table 3-3 (Chapter 3).
Conditions: Pulse Potentials; Ej = 0.4V, E2 = -1.0V, ti=Í2= 60 msec, Current sampled at the end of
pulse (Ei), 1.0 M glycine eluent, Flow Rate = 2 mh/rrán,

Increased (normalised) sensitivities were recorded for most of the ions at
PP/Cl (micro) electrode compared with the results obtained for the ions at
polymer- coated macroelectrodes. At P P / D S (micro) electrodes, sensitivities
for ali the ions were higher than those recorded with polymer-coated
macroelectrode. A t P P / P O 4 (micro) electrode however, problems with
stability were apparent and very low currents were recorded at the
microelectrode (e.g Figure 4-3d). It w a s therefore not surprising that the
sensitivities recorded for the ions at these electrodes were very low. Typical
FIA responses at polypyrrole-coated microelectrodes for phosphate ions are
shown in Figure 4-9 and well defined FIA responses were recorded for ali
the ions at polypyrrole coated microelectrodes.
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Figure 4-9: Typical Signals obtained with PP/Cl (micro) electrode using 1.0 M glycine eluent for
phosphate; Responses due to: (i) 5 x KT6 M (ii) 3 x lOr6 M, (üi) 1 x 10T6 Aí, Ei = 0.4 V, E2 = -1.0 V, ti = 60
ms, t2 = 60 ms. flow rate = 1.0 mLjmin., Injection Volume = 50 uL.

Of ali the polymer-coated microelectrodes, the PP/Cl (micro) electrode was
the most sensitive. Also well defined responses were obtained for the
electroinactive ions at ali the microelectrodes investigated. Typical well
defined FIA responses obtained for phosphate ions (lower concentrations)
and nitrate ions (at higher concentrations) are s h o w n in Figures 4-9 and 4-10
respectively.
(a)

Figure 4-10: Typical FIA signals obtained for the injection of nitrate ions using distilled deionized water eluent
at PP/Cl (micro) electrode. (a) 5xl0'3, (b) 3xl0'3, (c) 2xl0"3 and (d) lxlO'3 Aí concentrations. Flow rate = 1
ml/min., Ei = 0.4 V, E2 = -2.0 V, ti = t2 = 60 ms, Injection volume = 50pL.
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As with macroelectrodes in Chapter 3, the selectivity series obtained is
dependent on the anion incorporated into the polymer during synthesis.

The selectivity series obtained as deduced from the sensitivity data in Ta
4-2 is shown below:
(PP/Cl) HP042~ > CH3COO"> cr >HC03">N03"> DS"
(PP/DS) N03"> HCQ3- > CH3COO" >HP042->Cr > DS"

At PP/PO4 (micro) electrode, ali sensitivities recorded for the ions are l
and very similar.

Detection limits obtained for the ions are summarised in Table 4-3. These
results are a vast improvement over those previously observed at larger
electrodes in Chapter 3. Since sensitivities for ali anions were markedly

higher on PP/Cl, the detection limits (the concentration levei at which th

signal intensity was twice the noise levei) were determined on this electr
In some cases improvement of three orders of magnitude were observed.
Table 4-3: Detection Limits™ (in M) for Detection
of Anions
using the
Chloride Electrode.

Polypyrrole

Analyte

2

PP/C1
(Macro)

PP/C1
(Micro)

NO3-

1 x IO"5

SxlO" 6

cr

1 x IO"5
lxlO" 4

5 x IO"8
5 x IO"8

1 x IO"5

5 x IO"7

1 x IO"5

5 x IO"8

lxlO" 4

SxlO" 6

CH3C00"
HC03HPO 4 2 "
DS"

2

Note: (1) Defined as minimal detectable amount when signal was
twice the noise levei.
(2) Pulsed potential Ei= +0.40V, Ei = -1.0V, íj= <2 = 60 ms,
Current sampled for 16 msec at end of pulse Ei, 1.0M
Glycine Eluent, Flow rate = 2 ml/min, Injection volume =
50 uL.
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Use of Müli-Q ™ Water Eluent

The use of eluents with low ionic strength has previously been s h o w n to be
feasible (347,348). It has already been used to advantage in analyses with flow
through electrochemical detection cells (349,350). The use of deionised MilliQTM

water

w a s therefore considered as eluent in order to reduce the

influence due to competition from other ions present in solution and also to
reduce background currents.
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Figure 4-11: Calibration curves obtained for detection of electroinactive anions using distilled deionised water
eluent at (a)PP/Cl (micro) electrode, (b) PP/P04 (micro) electrodes. Other conditions as in Figure 4-9.

The results obtained indicate that well defined FIA responses were obtained
for ali anions and adequate sensitivities were also recorded (see Figure 4-11).
The low current encountered with the use of microelectrodes leads to a
lowering in the iR drop enabling the use of these low conductivity eluents.

4.5.3

Influence of Cations o n Detection at Microelectrodes

Using PP/Cl in glycine eluent, cations of the analytes were then varied.
Sensitivity recorded for N a + ion was very high but the sensitivities recorded
for other cations did not vary m u c h as s h o w n in Figure 4-12. In comparison
with responses obtained using polymer-coated macroelectrodes (Figure 3-1 Ia,
Chapter 3) however, it seems likely that the influence of cations o n the FIA

signals for the detection of electroinactive ions at polymer-coated
microelectrodes is very negligible. This m a y further support the results
obtained for cyclic voltammetry where only one well defined
oxidation/reduction response w a s observed.
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Figure 4-12: Influence of cation on calibration curves obtained at applied pulsed potentials using PP/Cl (micro)
coated electrode with glycine eluent. Conditions: 1.0 Aí glycine eluent, Et = 0.4 V, E2= -1 -0 V, tj=t2=60 ms,
injection volume = 50uL.

4.5.5

Stability

The stability of the polymer sensor w a s investigated because the
maintenance and long term stability of C E P s is an important factor with
respect to their analytical utility (170,171). Consequently, an important

criteria for measuring stability is that the measuring device gives a
reproducible response over an extended period of time.

A practical limitation does currently exist with microelectrodes in that
course of this work, it was found that the stabilities of the P P / D S and PP/PO4
electrodes were extremely limited. Typical FIA signals obtained for the
injection of 1 x IO"5 M concentration of nitrate ions at the polypyrrole coated
microelectrodes are shown in Figure 4-13:
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Figure 4-13: FIA signals with time recorded for the polymers using the injection of 1x10'
Aí N a N 0 3 ion.
Eluent = 1.0M glycine. Continuous injections of the analyte were carried out in the first five hours (10
consecutive injections at 30 minutes interval) and then every five hours. Flow raie = 1.0 ml/min, Injection
volume = 50 fjL.
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Reproducible FIA signals could be obtained at PP/Cl (micro) electrode for up
to five hours with continued injections after which signals doped by less
than 5%. Currents could still be measured for a period of 24 hours. With
P P / D S (micro) electrode, reproducible current signals for the nitrate ions
could be obtained for a period of 3 hours, approximately 2 2 % in signal drop
was recorded after this time. Although signals could still be obtained after
thistime,a considerable drop in the current could be observed for 15 hours
after which no current signals could be recorded. The P P / P O 4 (micro)
electrode suffers considerable loss (of approximately 50%) in signal after 3
hours, measurable signals could still be recorded for a period of 5 hours after
which no current signal could be recorded.

The cyclic voltammograms recorded using the electrodes employed for about
8 hours in flow injection analysis are s h o w n in Figure 4-14. The C V s s h o w
that degeneration of the polymers w a s evident. This w a s obvious through
the reduction in currents measured and the shapes of the voltammograms
(compare with Figure 4-3). Only the PP/Cl electrode could be used routinely
over a period of a day's injections. This is in contrast to result obtained at
polymer-coated macroelectrodes where stabilities for a period of 2 weeks
were recorded.

Therefore, in practise the flexibility available in the detection of
electroinactive species at microelectrode-coated polymers with improved
sensitivity and predetermined selectivity is at present limited with
microelectrodes due to the limited time that reproducible signals could be
obtained.
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Figure 4-14:: Cyclic voltammograms
recorded for polypyrrole coated microelectrodes after use for the
detection ofions. (a) PP/DS (micro), (b) PP/P04 (micro), (c) PP/Cl (micro). Scan rate = 20 mV/S.
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4.6 CONCLUSIONS

This chapter has shown that polypyrrole electrodes with various counterions
could be prepared in aqueous solutions with adequate reproducibility. It has
also shown that the detection of electroinactive species is not only feasible on
the polymer coated electrodes (as with macroelectrode-coated polymers) in
FIA system, but that the detector performance is also improved. The use of
microelectrodes has a dramatic impact on the effíciency of the detection of
electroinactive ions at conducting polymers. Detection in low conductivity
eluent is possible, detection limits are improved (compared with data
obtained on larger electrodes), and linear responses were obtained for most
of the electroinactive ions investigated.

It was also possible to adjust the selectivity of the detection process by
modifying the polymer composition. In this chapter, it has been shown that
the analytical performance of this method is greatly improved using
microelectrodes. The major difficulty encountered was the measurements of
low concentrations with microelectrode at low nanoamperes currents.

A method for the detection of electroinactive species based on pulsed
amperometric measurements has been developed. Improvements in
detection limits were achieved by utilising this pulsed amperometric
detection. The larger S / N ratios were achieved as a result of increased
analytical signals since noise leveis remained similar to those observed with
D C amperometry. In summary, the relative analytical sensitivity (amplitude
of actual current measured) increases as the electrode size increases. It has
been demonstrated that the detection limits, linearity of response, and signal
to noise ratios are more favoured by the use of microelectrodes.
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Chapter 5

Pulsed Amperometric Detection of
Proteins Using AntibodyContaining Polypyrrole Electrodes
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5.1 INTRODUCTION

It has been recognised that the utilisation of the powerful recognition
properties of antibodies (Ab) should provide excellent selectivity in the
development

of n e w

sensing

technologies

(9,11,17,356-359). The

development of efficient electrochemical immunosensors relies on the
ability to immobilise the antibody o n a conductive surface while
maintaining bioactivity. In addition a means of electrical signal generation
in response to the antibody/antigen (Ab/Ag) interaction must be available.
Given the unique chemical and electrical properties of electrically
conducting polymers such as polypyrrole, it appears they should prove
extremely useful in this regard.

Also, the need to develop sensors which can continuously and specifically
detect species of biochemical interests in biotechnology, in vitro diagnosis
and medicai monitoring have been the focus of m u c h

attention

(11,356,357,360). Considerable attention is therefore being given to biosensors
especially immunosensors that allow a direct measurement of biomolecules
(356360).

The inherent molecular recognition capabilities of an antibody (Ab) for the
corresponding antigen (Ag) provides a high degree of selectivity that is
u n c o m m o n in electrochemical sensing. However, some practical difficulties
exist that mitigate against the realisation of using the recognition capabilities
of antibody for the antigen in the production of highly selective
electrochemical sensors. In particular the generation of a sensitive,
reproducible analytical signal due to the antibody-antigen interaction has
proven difficult . These problems possibly arise from the lack of a faradaic
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(electron transfer) signal and from the irreversible nature of the Ab-Ag
process (11360).

Although immunoassays are very specific, they are invariably irreversible as
a result of the high binding constants for most antigen-antibody complexes.
Consequenüy, immunoreactions cannot be used for continuous sensing
unless the complex is first dissociated with choatropic agents including 0.51.0 M NaCl or KCI, ethylene glycol, 8 M urea, 1-100 m M citric acid, 2-4 M
M g C h , 0.05-0.2 m M Tris-HCl with /without 1.0 m M KCI, glycine-HCl, 0.1 M
borate buffer, and 4 M phosphate buffer (358,361-366). Alternatively, the
sensor m a y be re-zeroed after exposure to sub-saturating antigen
concentrations (19). In either case, monitoring is discontinuous and is
ultimately limited by the less-than-quantitative recovery of antigen binding
sites or deterioration of the immobilising media. Even though antibody
dissociation using these reagents m a y lead to complete regeneration of
sensor activity, they m a y also cause degeneration of sensitivity and response
time especially in the case of indirect immunosensors utilising immobilised
enzymes (361). Therefore, an ideal sensor should allow continuous,
reversible, and in situ monitoring for long periods. These requirements
necessitate reversible detection schemes which is lacking in most
immunoelectrodes.

To utilise immunoreactions effectively in sensor designs these problems
must be addressed. Several attempts to alleviate the problems of signal
generation with the use of antibody-antigen reactions have been reported.
This includes: the use of potential measurements (358,359) and indirect
amperometric immunoassays (359,367). Direct measurements that enable
changes in the capacitive nature of sensor surface (after A b - A g interaction)
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to be determined have also been employed (96,97). In ali of these cases
however, the procedures are time consuming due to the equilibrium times
and/or long incubation periods and washing steps to remove the unbound
antigens required (368). The approach also suffers from the fact that the A b containing surface must be regenerated chemically to reverse the A b - A g
interaction.

In order to overcome the problems of time-consuming multistep procedure
required in the detection of antigens, Karube et ai. reported an attempt to
accelerate the rate of A b - A g interaction in the detection of Cândida Albicans,
an antigen of several micrometers, by using an applied electric oscillation on
a slit cell composed of two electrodes and a glass slide (368). According to the
authors, a reaction time of about five minutes was recorded in contrast to
the usual 1-2 days normally required for the interaction, but the need for
visual observations and manual calculations of the agglutination rates were
very tedious and time consuming.

Some recent work has demonstrated that antibodies are readily incorporated
into conducting polymers during synthesis (96,97,369) and that specific
reactions of the corresponding A g with the bound A b are possible. In
another study, Wallace and co workers have studied the effect of an applied
constant potential on the retention of protein using antigen containing
conducting polypyrrole stationary phase (370). These authors have shown
that the application of a constant cathodic potential had little effect on
protein retention and the specificity of the antibody, whereas the application
of a constant anodic potential improved protein selectivity (370).

In attempts to generate useful analytical signals with the Ab-containing
polymers, alternating current (AC) voltammetry was employed (96). While
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sensitivity was adequate, reproducibility and reuseability aspects of these
sensing systems were not. Johnson and co-workers (229,233)

have

previously used pulsed amperometric detection to generate analytically
useful non faradaic signals as species are adsorbed and desorbed from
electrode surfaces.

This knowledge combined with the previously

demonstrated ability to modulate chemical interactions electrochemically on
conducting polymers containing simple ions as counterions (Chapters 2, 3, &
4), suggested that the use of pulsed amperometric detection should prove
useful for the detection of proteins with Ab-containing polymer electrodes.

5.1.1 Aims and Approach of this Chapter

The goal of this chapter is to investigate the use of polypyrrole electrode
the production of rapid, reversible and sensitive analytical signals. In
previous chapters, the use of pulsed amperometric detection for the
measurements of simple anions was demonstrated. It has also been shown
that improved sensitivity and lower detection limits could be obtained
w h e n pulsed potentials are employed (compared with D C ) for signal
generation with conducting polymers.

This has led to the idea that when complex biological molecules such as
proteins are immobilised within polypyrrole electrodes, analytically useful
signals could be still be generated which can have direct relationship to the
concentration of the analyte (ie antigen in this case) and the molecular
interactions of the A b - A g system could then be modulated via the pulse
potential excitation waveform employed.

Moreover, based on the knowledge of the reversible nature of the current
and mass signals for simple ions w h e n pulsed potential measurements were
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carried out at polypyrrole electrodes (Chapter 2), and the need to develop
sensors which can continuously and reversibly detect antigen, the idea of
utilising this unique pulsed amperometric measurement to reversibly detect
proteins in a flowing system was conceived.

This chapter reports the use of conducting polypyrrole antibody containing
electrodes with pulsed amperometric detection in a flow injection analysis
(FIA) system. The performance of this system with respect to electrical signal
generation, reuseability, reproducibility and practical utility has been
investigated. The polypyrrole anti-Human Serum Albumin ( P P / A H S A )
system has been used as a test case to demonstrate the characteristics of the
new biosensor.

Antibodies were immobilised into the polypyrrole matrix during
electropolymerisation and the activity of the immobilised protein was
determined. Detection of h u m a n serum albumin (HSA) was achieved using
FIA. A

study into the selectivity and non specific binding of the

immunosensor was carried out.

As with polymers containing simple ions (Chapter 2), the mechanism of
signal generation and characterisation of the n e w immunosensor was
investigated using Chronopotentiometry (CP), Quartz Crystal Microbalance
( Q C M ) , Cyclic Voltammetry (CV), and E n z y m e Linked Immunosorbent
Assay (ELISA). Finally, the n e w conducting polymer-based immunosensor
has been applied for the detection of albumin in real samples.
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52 EXPERIMENTAL
5.2.1 Reagents and Standard Solutions

Ali reagents were analytical grade (AR) unless otherwise stated.
reagent (LR) grade pyrrole was obtained from Sigma. The pyrrole was
distilled before use. H u m a n Serum Albumin (HSA) was obtained from
Commonwealth Serum Laboratory (CSL), Melbourne, Austrália (Batch No.
09801), Anti-Human Albumin (AHSA), Chymotrypsinogen, and Bovine
Serum Albumin (BSA) were obtained from Sigma Chemicals Company. Ali
solutions were prepared using (Milli-Q™) deionised water. A H S A was
extensively dialysed against distilled water before use. N a N 0 3 , NaCl,
NaH2P04, Na2HP04 and KCI were obtained from B D H Chemicals. Reagents
used for ELISA experiments were: anti-Human Serum Albumin, A H S A
(Sigma or Silenus), H u m a n Serum Albumin (HSA), Ovalbumin (Sigma), 0.4

M NaOH.
Carbonate-bicarbonate buffer, p H 9.6
0.1 M N a 2 C 0 3

2.65g/250 m L

0.1 M N a H C 0 3

2.10g/250 m L

Add 30 m L N a 2 C 0 3 + 60 m L N a H C 0 3 and make up to lOOmL with water.
Phosphate buffered saline 0.15 M PBS pH 7.2 containing 0.05% v/v
(PBS-Tween 20)
NaCl
KCI
Na2HP04

8.00 g/L
0.20 g/L
1.15 g/L

NaH2P04

0.16 g/L

Tween 20
Dissolve in 1L

0.50 ml/L
H20

Alkaline Phosphatase (AP) conjugate (BIO-RAD)
Rabbit Anti-Sheep IgG (H+L) -AP binds to Silenus Sheep A H S A
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Alkaline Phosphatase Substrate Kit (BIO-RAD)
(i) P-nitrophenyl phosphate tablets and (ii) 5x concentrate diethanolamine
buffer (100 m L ) .
5.2.2 Instrumentation

A homemade galvanostat, a BAS 100A Electrochemical Analyser, a Dionex
Pulse Amperometric Detector (PAD-2), a Dionex analytical p u m p (APM1)
and ICI Instruments D P 6 0 0 Chart Recorder were employed. Cyclic
Voltammetric experiments were carried out in stationary cell consisting of a
three electrode system: 0.3 c m 2 platinum wire for C V , a platinum gauze
auxiliary electrode and a A g / A g C I (3M KCI). A thin-layer amperometric cell
supplied by Dionex was used throughout this work for the FIA experiments.
The working electrode was polished on a polishing cloth with alumina and
then the electrode was ultrasonicated prior to use. FIA was performed using
a Dionex liquid chromatographic module (CMB-2) described in Chapter 3.

The equipment employed for the ELISA experiments include: Polystyrene
microtitre plate (Pacific Diagnostics), positive displacement pipette, and BIOR A D plate reader.

5.2.3 Preparation of the Antibody-containing Electrodes

Polypyrrole electrodes were prepared by galvanostatic electropolymerisation
of pyrrole m o n o m e r from aqueous solution onto a platinum substrate. The
working electrode was polished on a polishing cloth with alumina and then
cleaned by ultrasonification prior to use. M o n o m e r solutions contained
pyrrole (0.5M) m a d e up in aqueous solutions and between 100-1000 m g / L
A H S A solution. 0.5M pyrrole was first mixed with water in a 25 ml standard
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flask, antibody was added to the flask and gently mixed. The solution was
slowly deoxygenated for 10 minutes. Current densities of between 0.25 and
1.00 m A / c m

were used (5 minutes) to achieve electropolymerisation.

5.2.4 Characterisation of the Antibody Electrodes

The incorporation of AHSA into an electrically generated polypyrrole film
has been considered throughout this chapter. The polymerisation process
was monitored using chronopotentiometry.

5.2.5 Enzyme Linked Immunosorbent Assay (ELISA)

The presence of the antibody was determined by ELISA using previously
reported procedures (369,370) as detailed in Appendix I. Polymer w a s
prepared as described above, a section of the polymer (0.2 c m 2 ) containing
the A H S A w a s removed from the bulk polymer (which was grown on gold
film) and then placed in the bottom of a microtitre plate. Antigen w a s bound
to the antibody and the polystyrene plates were flooded with non-reactive
protein (1% Ovalbumin) to block the remaining non-specific binding sites.
Alkaline phosphatase conjugate was bound to the antigen and the substrate
was added and then the plate was read at 405 n m for analysis. ELISA plates
were analysed using the B I O - R A D plate reader. Microtitre plates were
washed after the adsorption, blocking and incubation steps using the Tween
20 (0.05%) in ali the washing solutions in order to significantly reduce nonspecific interactions without interfering with the antibody/antigen reactions.
ELISA experiments were carried out in duplicate and were reproducible
within 10%.

52.6

FIA Instrumentation

Signal generation with the antibody sensor w a s performed using Flow
Injection Analysis (FIA) which w a s performed with a Dionex liquid
chromatographic module (CMB-2). A 50jul sample loop was used for ali
experiments. The thin layer cell was controlled by the Dionex pulsed
amperometric detector. 0.1M N a N 0 3 was used as the carrier solution. The
electrochemical cell was controlled by the Dionex Pulsed Amperometric
detector and the current was recorded with the strip chart recorder.

5.3 RESULTS AND DISCUSSION
5.3.1 Synthesis and Characterisation of the Polypyrrole Anti-HSA
Electrode

Anti-human serum albumin (AHSA) was incorporated into polypyrrole as
described

in

the

experimental

section. Figure

5-1

shows

the

chronopotentiogram obtained during the electrodeposition of the polymer
film from a solution containing 0.5M pyrrole and 1000 p p m A H S A solution.
The potential became constant during growth indicating the formation of a
conducting polymer.
1-30 r

E(V) N

•

Figure 5-1: Chronopotentiogram Recorded for the polypyrrole antibody electrode Monomer solution contained
05 Aí Pyrrole and 100 ppm anti human serum albumin, Current density of 05 mA/cm2, growth time was 5
minutes.
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The amino acid analysis carried out using a similar procedure described
previously (369,370) on the P P / A H S A

revealed that protein incorporation

was achieved during this electropolymerisation process. ELISA experiments
also confirm that the proteins are not only incorporated but still retain their
bioactivity when immobilised into the conducting polymer matrix as shown
in the results below:

Table 5-1: Units of Activity: ELISAa> Results

Electrode

Total Activitytt)
per Electrode

Activity per c m 2 (2)
(U/electrode)

PP/AHSA

4.80

2.40

PP/NCfr

050

025

(1) Measured as units of activity from a calibration curve (Appendix II).
(2) A section (0.2 cm2) of the polymer electrode grown on gold film was used for the
ELISA experiments; values reported are of the order of 10~2

The blank value obtained with PP/N03 is presumably due to non specific
binding of the protein at the electrode.

The resultant polymer coated platinum electrode was stable to potential
cycling. The cyclic voltammetry of Figure 5-2 revealed that the normal
polymer oxidation/reduction processes did occur and that the P P / A H S A
electrode was electroactive.

The expected oxidation/reduction processes did not occur when the Abcontaining electrode was exposed to H S A due to the fact that the solution
was not conductive enough to allow incorporation of the H S A . It is likely
that H S A would be difficult to incorporate into the polymer matrix due to its
size.
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^ A

Cathodic

1.000
Anodic

E (VOLT)
Figure 5-2: Cyclic voltammogram obtained using PP/AHSA
NaN03
electrolyte. Scan rate 100 mV/s

5.4

electrodeposited on platinum scanned in 0.1 Aí

SIGNAL GENERATION WITH ANTIBODY ELECTRODES

The polymer w a s then coated on an electrode suitable for use in a flow
injection analysis (FIA) system. The H u m a n Serum Albumin ( H S A )
solutions were injected using a constant potential. The hydrodynamic
voltammogram obtained at constant potential is shown in Figure 5-3a. A
negligible blank response w a s obtained at each potential; and an almost
linear increase in the current was observed as the potential was increased
from 0.00V to +0.60V.

The signal obtained may, in part, be due to changes in conductivity as the
eluent passes through the cell (Chapter 3). However, it is also k n o w n that
Ab-Ag interaction is encouraged with more positive potentials being applied
(370).
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O.8-1

•0.4

0.0

0.4

0.8

POTENTIAL(V)
Figure 5-3(a): Hydrodynamic voltammogram obtained at applied constant potentials using flow injection
analysis at a PP/AHSA coated electrode. Eluent was 0.1M NaN03. Flow rate = 1 mL/min. Concentration of
HSA was 50 ppm (in 0.2AÍ NaNÜ3).

The decrease in current at more positive potentials than +0.60V was most
likely due to overoxidation of the polymer at these potentials as reported
previously (353). This overoxidation reduces the conductivity of the
polymer coating. With an applied potential of about +0.60V, it was found
that analytical responses could be obtained for H S A injections but their
sensitivity w a s low and a detection limit of only 25 p p m was achieved. The
responses suffered at ali potentials due to the fact that dips were obtained
after the peaks (Figure 5-3b) and approximately 20-30 minutes w a s required
to achieve a stable baseline after every change in the applied potential. This
was presumably due to the irreversible nature of the antibody-antigen
interaction.
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0-2uA

(b)

(d)

(c)

1 0 min
I
1
Figure 5-3ffc): FIA peaks obtained at different constant potential obtained usingflowinjection analysi
PPIAHSA coated electrode: (a) = 0.0 V, (b) 0.2 V, (c) 0.4 V, (d) 0.8 V; Eluent was 0.1M NaN03, Flow r
mh/min. Concentration of HSA was 50 ppm (in 0.1M NaN03).
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Figure 5-4(a): Pulsed potential hydrodynamic voltammogram. Pulse width = 120 msec. The initial pote
(Ei) was kept constant at +0.40V. E2 was varied according to the value on the x-axis. Other condition
Figure 5-3(a)

The use of a pulsed electrochemical waveform to generate an analytical
signal was subsequently investigated. A pulsed potential hydrodynamic
voltammogram was then obtained by using symmetric pulses with a pulse
width of 120 msec. Keeping the initial potential (Ej) constant at +0.40V,
where Ab-Ag interactions were encouraged (96) the other potential (E2) was

varied between -0.40V and +0.90V (Figure 5-4a). Typical FIA signals obtaine
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by pulsing are shown in Figure 5-4b below for H S A injection at different
potentials:

T
0.5 f/A

1

(a)

J

L

X
(c)

(b)

10

(d)

min

i potential
—
— ihydrodynamic
.
Figure 5-4ÇÓ): FIA peaks obtained at Pulsed
voltammogram obtained using flow
injection analysis at a PP/AHSA coated electrode, E1 constant at 0.4 V and E2 varied according to: (a) -02V,
(b) 0.0V, (c) 0.1V, (d) 02V Eluent was 0.1M NaN03 Flow rate = 2 mL/min. Concentration ofHSA was 50 ppm
(in0.1MNaNO3).

As shown in Figure 5-4b, well defined reproducible and non-tailing peaks
were recorded for H S A detection at P P / A H S A electrode using pulsed
potentials. The current was always sampled at the end of E 2 . Pulsing to
more positive potentials produced a small signal which did not increase
with potential. However as the potential was pulsed negatively, the signal
increased in magnitude at least d o w n to 0.00V. Increasing the negative
potential limit further caused the response to decrease. It should also be
noted that the use of pulsed potentials did enhance, quite markedly, the
magnitude of the responses obtained (compare y-axes Figures 5-3a and 5-4a).
This amplification was due to increased currents obtained on pulsing and
also presumably due to the multiple Ab-Ag interactions induced by pulsing
as shown in the schematics below:
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Discouraged
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t
Figure 5-5: Schematics showing the interaction of the Antibody with the antigen polypyrrole system controlled
by pulsing.

S o m e workers have s h o w n recently (371,372) that while A b - A g reactions
m a y take minutes or hours to go to completion, kinetics are sufficiently fast
to obtain some signal due to A b - A g interaction within seconds provided an
appropriate analytical technique is used. The surface plasmon resonance
technique has proven to be an invaluable tool in this regard. It has been
suggested that the A b - A g interaction is a multistep process (19,368,373,374).
Hence, it is feasible and likely that the specificity in this multistep process is
locked-in at the early stages of the interaction with subsequent reactions and
reconformation making the A b - A g reaction irreversible.

For a sensor operating in a continuous fashion, the interaction of the analyte
and the reagent phase must be rapid and reversible in order to permit a
competitive equilibrium binding operation (375,376) and the sensor must be
capable of in-situ regeneration. The present conducting polymer-based
immunosensor is rapid due to the time frame within which the signal that
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was due to the A g - A g interaction w a s obtained (i.e. within ms) and
reversibility is achieved with the use of the applied pulsed potentials.

Other workers have suggested that "the chemical response time of Ab-Ag
interaction is controlled by the dissociation rate constant and it is
independent of the association rate constant and that equilibrium chemical
response can be achieved in minutes" (376). The fact that rapid responses
were obtained for H S A at polypyrrole antibody immobilised electrode
supports this view.

5.4.1 Influence of Pulse Width on Signals

The effect of pulse width on the response obtained was considered using
constant initial and final potential conditions (Figure 5-6). It was found that
the sensitivity increased markedly as the pulse width w a s increased from 60
to 120 msec but increased only marginally with further increases.
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Figure 5-6: Showing the effect of Pulse Width on Signals at PP/AHSA
Figure 5-4(a).

— i

400
electrode. Other conditions as in

The variation in sensitivity (from 60 -120 msec) highlights the role played by
the kinetics of the A b - A g interaction in leading to the generated signals. For

Pulsed Amperometric Detection ofProteins using antibody-containing Polypyrrole Electrodes

Page 166

practical purposes a pulse width of 120 msec was used for subsequent work
since this value gives adequate sensitivity and adequate resolution and
shorter peak widths for flow injection analysis.

5.4.2 Effect of Flow Rate on Signals

The influence of flow rate on FIA signals was then investigated. Figure 5-6
shows the results obtained at a P P / A H S A electrode with the injection of 25
p p m H S A solution.

2.3 -i

<

2.2UJ
<
UJ

a
2.1 -

2.0
0.0

1
1.0
FLOW

'

2.0

RATE (ml/mln)

Figure 5-6: Effect of changes in flow rate on signals with the injection of 25 ppm HSA at PP/AHSA electrode.
Conditions: Ex = 0.4V, E2 = 0.0V, tl = t2 = 120 ms,

The flow rate was varied from 0.25 to 2.00 m l per min, (Figure 5-6). The
signal increased and then decreased as the flow rate w a s increased. The
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changes obtained in FIA signal for the injection of H S A at the electrode also
points to the importance of kinetics in the present signal generation
procedure. A flow rate of 1 m l / m i n w a s chosen for subsequent experiments
as it gave well defined peaks.

5.4.3

Effects of Varying Background Electrolyte on FIA Signals

The use of phosphate buffer and sodium carbonate as background
supporting electrolyte were also considered in order to s h o w the effect of
varying the eluent on the FIA signals at the polymer electrode. The results
obtained s h o w that the background electrolyte used has a great influence on
the signals obtained with FIA. Different sensitivities were observed for H S A
in the eluents considered as s h o w n in Figure 5-7. This m a y bé due to the
different affinities of the eluents for the polymer electrode.

5 uA

I

\

0.5

pA

Jb.1 uA

(b)

(a)
10
i

min
1

Figure 5-7: Signals obtained at PP/AHSA electrode for 50ftL injections of 10 mg/L concentrations of HSA.
when the mobile phase consisted õf(a) 0.1M NaHCÓ3, (b) 0.1 M Phosphate buffer (pH = 7.4), (c) 0.1 M
NaN03.
Pulse conditions as shown in Figure 5-6.

The background current observed in N a N 0 3 eluent w a s only a fraction of
what w a s obtained in the other electrolytes. The time required to achieve a
stable baseline w a s also reflected in the nature of the background electrolyte
used, although increased sensitivity w a s observed with the use of phosphate
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eluent. Hence sodium nitrate was used as the eluent as it gives well defined
responses with less noisy baseline.

5.4.4 Calibration and Typical FIA Responses for the PP/AHSA Electrode

A calibration curve was obtained (Figure 5-8) which indicates that the
responses were linear over the concentration range investigated (up to 100
ppm). It w a s also found that the FIA responses for the H S A obtained on
P P / N 0 3 (ie. with no antibody present) were m u c h lower than those obtained
on P P / A H S A over the concentration range considered in Figure 5-8 (< 10
%).

This confirms that A H S A is required to enable the signal generation

process.

<
3.

LU

z
<
Ul
Q.

120
CONC.(mg/L)

Figure 5-8: Calibration curve obtained for HSA at Polypyrrole electrodes Pulse width =220 ms, Flow rate = 1
mh/min, Injection volume = 50 fjL, Ei = +0.40V, E2 = 0.Ó0V, tj = *2 = 220 ms.
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The injection of simple chloride salts shows some degree of ion exchange
between the salt and the polymer backbone, but the greatly improved
sensitivity for H S A suggests that H S A is required in the signal generation
process.

Typical FIA signals obtained for the injection of various concentrations of
H S A was then considered using the pulsed waveform with the following
conditions: E1 = +0.40V and E 2 = 0.00V, tx = 120 msec and t2 = 120 msec. The
results are shown in Figure 5-9.
(a)

I

0.5UÂ

(b)

u u
10
I

min
1

Figure 5-9: Typical FIA responses at PP/AHSA electrode using pulse potential waveforms E1 = +0.40V, E2 =
0.O0V, í2= 220 ms, t2 = 120 ms, Flow rate = 1 ml/min. Other conditions as in Figure 5-6. HSA concentration (a)
50, (b) 25, (c) 15, (d) 5 mg/L.

Typical responses shown in Figure 5-9 reveal that in ali cases, well defined
responses were obtained for the H S A at the polymer electrodes and the
responses varied with concentration.
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5.4.5

Selectivity of the P P / A H S A Electrode

The selectivity of the system was confirmed for human serum albumin
(HSA), with bovine serum albumin (BSA), Chymotrypsin and Thaumatin
( T H A U : this is a natural protein used as artificial sweetener). Injections of
these proteins into the P P / A H S A electrode gave responses lower in
magnitude than those obtained for the corresponding concentration of H S A .
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Figure 5-10: Selectivity observed at PP/AHSA xoith the injections ofa range of proteins. Conditions: E1 = 0.4,
E2 = 0.0V, tt=t2 = 120 ms, Eluent = 0.2 Aí NaN03 Polymer was prepared as described in the Experimental
Section.

F r o m Figure 5-10 it can be seen that the interfering effect of H S A is negligible
compared to the concentration range measured. S o m e non-specific binding
m a y have occurred between P P / A H S A and these proteins. The results on
selectivity also demonstrated that the signal generation procedure is
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applicable to the detection of other proteins employed in the study, but
more specific for H S A .

5.5

M E C H A N I S M OF SIGNAL GENERATION

As demonstrated for polypyrrole electrodes prepared by using simple ions
such as chloride (Chapter 2), electrochemical techniques such as Q C M , and
C V were applied here in order to explain the mechanism of signal
generation when polymer films were grown with complex biological
molecules as in P P / A H S A electrodes.

As with simple systems containing pyrrole and 1.0M NaCl, a linear increas
in mass was obtained during the deposition of P P / A H S A (Figure 5- 11).

100

200

t ime (see)
Figure 5-11: Galvanostatic electrodeposition of polypyrrole antibody on quartz crystal. Conditions: 05 Aí
pyrrole and 100 ppm AHSA in aqueous media, Current density = 0.85 mA/cm2.

Compared with simple systems such as PP/Cl (Chapter 2, Figure 2-14), the
deposition was slower and presumably the incorporation of A H S A slows the
polymerisation/deposition process. This was evident by the longer time
required to produce an even coverage on the quartz crystal. A closer
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examination of the electrodeposited antibody films on the quartz crystal
shows that more deposition were obtained near the edge of the crystal.

5.5.1 Interactions of PP/AHSA with HSA on Quartz Crystal

The CV recorded in 1.0 M NaN03 shows a typical PP/AHSA voltammogram
(shown previously in Figure 5-2). Cyclic voltammetry and the corresponding
Q C M data verified that the oxidation/reduction process at the P P / A H S A
electrode was accompanied by cation movement. It was found that scanning
to negative potentials caused a small increase in mass. (Figure 5-13).

The immobility of the incorporated antibody presumably induces cation
incorporation and expulsion. The results show that the anion has negligible
effect on the mass migration profile at the P P / A H S A electrode. This is due
to the cüfficulties in expelling the A H S A counterion in the P P / A H S A film.
Therefore cations are incorporated to balance the charge.

The mass increase was reversible because the polymer returned to the
original mass upon application of a positive potential. In the presence of the
H S A protein the mass increase was enhanced (Figure 5-12). The final
increase in mass at negative potential was higher than what was observed in
eluent alone (Table 5-3). This m a y be due to attachment of H S A and/or the
presence of H S A m a y facilitate additional cation incorporation.
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Figure 5-22: Influence of mass changes with potential at PP/AHSA
ppm HSA solution in 0.2AÍ NaNÜ3, (b) 0.2AÍ NaNÜ3 only.

in the presence of solution only, (a) 100

Since pulsed potentials were employed for the signal generation using
P P / A H S A electrode in FIA, the use of pulsed potential step experiments w a s
then considered for the PP/AHSA-coated electrode on quartz crystal in Q C M .
A s w a s observed for the P P / A H S A electrode w h e n a potential r a m p w a s
applied, the mass increase was reversible. The polymer returned to the
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original mass upon the application of a positive potential. The mass increase
in the presence of HSA was slightly greater than what was observed in
electrolyte alone. However, the differences were not so marked as those
observed with ramped potential waveforms (Figure 5-12).
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Figure 5-12: Influence of mass changes with pulsed potentials at PP/AHSA in the presence of (a) 100 ppm
HSA solution in 0.1M NaN03, (b) 0.1M NaN03 only. E 2 = -2.0V, E2 = 0.40V pulse, pulse width = lô ms.
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STABILITY S T U D I E S

A series of injections of H S A were m a d e with a given electrode in order to
test the stability of the P P / A H S A sensor. Then measurements taken
immediately following the polymer synthesis for 10 consecutive injections
revealed that adequate reproducibility of FIA peaks were obtained for H S A
injections (Figure 5-13).

i

0.5 (jA

10 min

u

Figure 5-13: Typical FIA responses at PP/AHSA electrode using 20 mg/L HSA. 0.1 M NaN03 eluent, Ej =
+0.40V, E2 = 0.00V, ^ = 120 ms, t2 = 220 ms, Fim rate = 2 ml/min. Other conditions as in Figure 5-9.

The activity loss during storage is expressed as a percentage of the original
sensor signal for a certain concentration range (9) and is given by:
q = 100(Io-It)/Io
where I 0 is the original signal, It is the signal at time t after preparation and q
is the activity loss in percentage. The electrode was dipped in the eluent
solution and kept at about 4°C w h e n not being used. A s shown in Table 5-3,
the rate of A b - A g interaction dropped with each successive set of injections
from 2.1 u A / m i n after the first day of H S A determination to approximately
1.36 n A / m i n in the next day. These changes diminished, however, with
longer term use on an electrode. After the initial decrease, the electrode

response which is a function of usage time (ie. the time w h e n pulsed
potentials were applied during measurements) were not very different.
Measurements were taken immediately following polymer synthesis and
were continued for seven days. The electrode response was still measurable,
but the current response had diminished to about 0.73 u A which
corresponds to an activity loss of about 65%.
Table 5-3
Time
(Days)

Activity loss at PP/AHSA electrode
Io
(uA)

1

2.10

2

2.10

3
5
7

It
(uA)
1.60

q
(%)

23.8
35.2

2.10
2.10

1.36
1.29
1.12

2.10

0.73

65.2

38.6
46.7

Electrodes prepared as in theExperimental Section, Other conditions as
in Figure 5-16. It = average of 10 injections.

The C V recorded after this confirms that there was a substantial decrease in
the electroactivity of the P P / A H S A electrode. Degradation of the activity
may be due to the nucleophilic attack by water or oxygen present in the
system (377,384), and denaturing of the immobilised antibody.

5.5.2 Determination of Albumin Contents in Urine Samples

Albumin contents of several tens of mg/L in urine is usually regarded as a
sign of annormality for diabetic patients (379-381). In a normal body, the
H S A levei in urine is about 15-17 m g / L in a 24-hour urine collection (379).
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The practical utilisation of the sensor w a s therefore determined for a series
of urine samples collected from Wollongong Hospital. Samples were pretreated by first centrifuging at 700 r p m (revolutions per minute) and were
later filtered. Urine samples were m a d e u p in the eluent and were injected
into the flowing stream. Estimation was done by standard addition (Figure 514).
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(b)
Figure 5-14- Typical standard addition curves obtained at PP/AHSA electrode for albumin determination in
Urine Samples. (a) Sample Y 5461, (b) Sample Y 6358, Conditions: PP/AHSA electrode , pulse potentials Ei =
+ 0.4 V, E2 = 0.00V, ti=t2 = 120 ms, Flow rate = 1 ml/min. Injection volume = 50 uL.

Typical FIA responses obtained at the P P / A H S A electrode for albumin
content of the urine samples are shown in Figure 5-15.
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Figure 5-15: Typical FIA peaks at PP/AHSA electrode for the determination of albumin content in uri
samples. (i): (a) Sample Y 5461 only, (b) Sample Y 5461+ 25 mg/L HSA, (c) Sample Y 5461 + 50 mg/L HSA,
(d) Sample Y 5461 + 75 mg;L HSA and (e) Sample Y 5461 + 200 mg/L HSA standards, (ii) : (a) Sample Y 6358
only, (b) Sample Y 6358, + 25 mg/L HSA, (c) Sample Y 6358 + 50 mg/L HSA, (d) Sample Y 6358 + 75 mg/L
HSA and (e) Sample Y 6358 + 100 mg/L HSA standards. Other conditions are as shown in Figure 5-14.

The standard addition technique was used even though it was recognised
that it may not be ideal when "double" peaks are recorded as shown in
Figure 5-15 (ii). The technique did however give an indication of the
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amount of albumin present in the samples. It should also be noted that the
second peak did not increase with increasing concentration indicating that
the standard addition approach may still be useful for detection in this case.

From these results it can also bè observed that well defined signals were
obtained for H S A determination in these samples. Even though signals
were relatively broad compared with when only H S A standards were
analysed at the electrode, this is to be expected due to the complexities of the
urine samples. Additional peaks presumably due to interference were
noticeable with some responses (Figure 5-15b). The reproducibility of the
responses were adequate (±5% over 10 injections) and detection limits of 1
ppm was estimated. The present measurement system appears to be useful
for measuring urinary H S A at the high concentration possible in an
abnormal case. The technique appears to suffer from interference when H S A
is present at low leveis.

The results obtained using the conducting polymer H S A sensor were then
compared with that of a conventional nephelometric technique as shown in
Table 5-4.
Table 5-4:

Comparison of Conducting Polymer HSA sensor
with Conventional Method of Albumin
Determination in Urine Samples

Sample
Number

CEP-based
Sensor
(mg/L)

Nephelometric
Technique*
(mg/L)

Y5461

35 ±2.0

Y6358
Y6092

18 ±2.0

32.30
<2.00

20 ±2.0
15 ±2.0

4.79
2.71

Y6797

Conditions:
PP/AHSA áectroàe, pulse potentüds Ej = +0.4V, E 2 - 0.0V (tj - 1 2 = 120 ws), flow rate - \
ml/min, injection volume - 50/tL.
'
Conventional analysis of the urine samples were carried out by the Wollongong Hospital
personnd and urine samples used for the polymer based biosensors were obtained from
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It can be observed form Table 5-4 that the correlation between the two
techniques seems to be poor at lower concentration; indicating that the
sensor might be adequate for detection of albumin content only at higher
concentrations. Obviously, m u c h more extensive studies need to be done
before a comparison could be m a d e between the two techniques. This
technique m a y be practically useful for detection of albumin content in an
abnormal case and it has been s h o w n that more rapid and reversible
detection was achieved in the case of polymer modified sensor.

5.7 CONCLUSIONS

This chapter has addressed the problems of rapid, sensitive and reversible
signal generation of Ab-Ag interaction using P P / A H S A / H S A system as a
test case. A H S A was successfully immobilised into polypyrrole matrix and
the resulting sensor retained its electrochemical and bioactivity. The sensor
was used for flow injection analysis. Adequate sensitivities were recorded
for H S A using the P P / A H S A electrode. FIA results showed that the use of
pulsed potentials enabled rapid and sensitive detection of H S A compared
with constant potentials. It also encouraged the interaction of antigen with
the antibody. FIA results also indicated that m u c h lower responses were
recorded at P P / N 0 3 (ie. with no antibody present) than those on P P / A H S A
electrode for the injection of H S A , other simple ions and a range of other
proteins. These confirm that A H S A is required in the signal generation
process.

The mechanism of signal generation was verified with CV and EQCM data
recorded

in-situ. The

CV

and

EQCM

results suggest that the
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oxidation/reduction process at the PP/AHSA electrode is accompanied by
cation incorporation and expulsion presumably due to the immobility of the
incorporated antibody. Mass increase was reversible because the polymer
returned to the original mass upon the application of a positive potential. In
the presence of H S A , the mass increase was greatly enhanced. It appears that
the presence of the antibody facilitates more rapid cation incorporation
giving rise to the analytical signal induced by the applied pulsed potentials.
The practical application of the sensor was determined for the detection of
albumin in urine samples; and rapid detection was recorded for albumin at
the P P / A H S A electrode. The technique is practically useful for the detection
of albumin content in an abnormal case.

A rapid, sensitive and reproducible detection method for HSA based on the
use of polypyrrole-AHSA ( P P / A H S A ) with pulsed amperometric detection
in an FIA m o d e has been developed. This approach overcomes m a n y of the
practical problems previously associated with direct electrochemical
immunoassay. The approach should prove extremely useful for other AbA g systems. It is envisaged that this approach will have wide spread
application in the development of n e w electrochemical immunoassays.
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Chapter 6

Development of Thaumatin Sensor
Using Polypyrrole Electrodes
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INTRODUCTION

In spite of the apparent potential uses of biosensors as analytical tools i
food and drink industries, only a few biosensors are routinely used because
of technical and economic factors (383). The food and drink industries
require rapid and inexpensive techniques in determining compounds that
have not been previously monitored, and also to replace existing but
inefflcient and/or expensive procedures (383,384 ).
Several biosensors that detect hydrogen peroxide produced (or oxygen
consumed) in a reaction have been developed for analytes that m a y be of
interest to the food and drink industries (383,384). The main advantage of
detecting peroxide rather than oxygen is the high sensitivity obtainable. This
detection scheme utilises enzymes, whole cells and antibodies labelled with
oxidase in the detection of antigens as in amperometric enzyme-linked
immunoassays (ELISAs). ELISA techniques have been used for the microbial
contamination in foodstuffs, provided a suitable antibody-antigen (Ab-Ag)
combination is available. However, a commercial biosensor using antibodies
and antigens has not been developed because of lack of sensitivity compared
with conventional ELISAs, long incubation periods, and limited reuseability
(383).

Biosensors for the detection of sulphite, xanthine, cholesterol, aspartame,
sucrose, glutamine, glucose and lactate have been developed (385-393).
However, a biosensor for the detection of thaumatin is yet to be reported.
Thaumatin occurs in the aril fruit of the West African T h a u m a c o c c u s
daniellii plant where it is used locally to sweeten food and drinks (395). It is a
mixture of sweet tasting proteins extracted and marketed under the trade
n a m e Talin (395).
Although the sweet properties of thaumatin were first reported in 1855
(396), the active principie w a s not identified as a protein until recently
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(397,398). The sweetness intensity of thaumatin is at least 5000 times sweeter
than sucrose at threshold concentrations and 2000-3000 times sweeter at the
normal use-level of sucrose (399,400,401). Thaumatin has been proposed as a
flavour enhancer in four main áreas of use: in chewing g u m , flavours (soft
drinks), pharmaceuticals and animal/pet feed (395,399). In flavours or
essences, the addition of Talin at m g / K g leveis is able to subtly modify both
the aroma and taste of m a n y flavours (401).

Previously, several techniques have been used in the isolation and
characterisation of thaumatin namely: circular dichroism and proton
magnetic resonance techniques (402), ion-exchange chromatography and gel
chromatography (397,403) and immunodiffusion assay (404). A solid-phase
radioimmunoassay procedure w a s also reported for thaumatin (405).
However, there has been no reported analytical biosensor for the
measurement of thaumatin in biochemical studies or for quality control
where thaumatin is used as a food additive in low concentrations. A rapid
and sensitive detection method for thaumatin is therefore required.

The use of antibody immobilised conducting polypyrrole electrodes for
detection of proteins was considered in the previous chapter. A n efficient
w a y of electrical signal generation in response to the antibody-antigen (AbAg) interaction using pulsed amperomertic detection was demonstrated. In
order to demonstrate the versatility of the pulsed amperometric detection
with polymer antibody electrode, the detection of thaumatin w a s therefore
considered.

Various means of immobilising proteins onto substrates have also been
considered and are described in some previous reviews (370,406). However,
perhaps the most convenient form of immobilisation involves the direct
incorporation into the conducting polymers during
(21,34,369,407), according to:

polymerisation
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where A" is the antibody to be incorporated and n is a value normally
between 2 and 4.

Apart from the signal generation for a particular sensor, the effective means
of immobilising proteins is an important factor in the development of a
useful immunosensor. Electrochemical immobilisation must be carried out
at such a potential where that the protein integrity is maintained. This is
because bioactive molecules such as proteins are k n o w n to be denatured at
extreme potentials (393). This therefore necessitates that the potential drawn
during polymerisation should be kept as low as possible. Also, the fact that
conducting polymers exhibit a decrease in conductivity w h e n extreme anodic
potentials are applied (408) requires that the potentials must be controlled so
as to prevent this occurrence.

Some workers have shown that the use of tiron (4,5 dihydroxy-l,3-benzene
disulfonic acid), surfactants and monodispered colloidal gold particles
(369,407,409) enhance protein incorporation at lower potentials w h e n
conducting polymers are used for the immobilisation of proteins.

6.1.1 Aims and Approach of this chapter

A major objective of this part of the project is the development of a
conducting polymer-based sensor suitable for detection of thaumatin. In
achieving this goal, the use of electrocatalysts (e.g.tiron)and molecules that
facilitate (molecular carriers) incorporation (e.g. surfactants or colloids) were
considered. These help in facilitating direct incorporation of proteins .
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This chapter presents the results of the incorporation of Anti-thaumatin
(ATHAU)

into an

electrochemically

generated

polypyrrole

film.

Electrochemical methods, A m i n o Acid Analysis ( A A A ) and Scanning
Electron Microscopy were used for the polymer characterisation. The effect of
additives on the polymerisation process and the electrochemical properties
of the polymer were investigated. The interaction of such an electrode with
specific antigen to the incorporated antibody was also investigated with the
use of pulsed amperometric detection.

The use of polypyrrole anti-thaumatin (PP/ATHAU) electrodes with pulsed
electrochemical detection in a flow injection analysis (FIA) system for the
detection of thaumatin was investigated. Also investigated were the effects
of the chemical conditions and p H employed on the sensor. The selectivity
of the sensor with respect to a range of proteins was also analysed and the
sensor was used in the determination of real samples.

62 EXPERIMENTAL
6.2.1

Reagents

Ali reagents used were of analytical grade purity unless otherwise speci
Anti-thaumatin ( A T H A U ) and colloidal gold were obtained from CSIRO and
Amersham respectively although some of the latter were prepared in the
laboratory. Ali solutions were prepared using (Milli-Q) deionised water.
Thaumatin (T-7638), sodium dodecyl sulphate and pyrrole (LR grade) were
obtained from Sigma. The pyrrole was distilled prior to use. H u m a n serum
albumin was obtained from Commonwealth Serum Laboratories. Freezedried h u m a n serum Albumin (A-8763), a-chymotrypsinogen A (C-4879), and
Bovine Serum Albumin (A-0281) were also from Sigma. N a H 2 P 0 4 ,
N a 2 H P 0 4 , NaCl, N a 2 C 0 3 , and N a C 1 0 4 were from B D H chemicals. N a S C N
and K 2 C 0 3 were obtained from Univar Chemicals. Tetrachloroauric acid
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[H(AuCl4).4H20, (Sigma)l induding trisodium citrate (BDH) and tannic acid
(Mallinckrodt) were ali prepared as 1 % (w/v) aqueous solutions.

The following solutions were used for enzyme linked immunosorbent
analyses (ELISAs): Carbonate buffer (50 m M , p H 9.6), Phosphate buffer saline
[PBS] (40 m M , p H 7.2) for preparation of standards and enzyme tracer
dilutions, PBS washing buffer (4 m M , p H 7.2), stop solution (2 M , sulphuric
acid), Horse-radish peroxidase-thaumatin conjugate (CSIRO), 2,2- Azinobis(3-Ethylbenzthiazoline-6-Sulphonic acid) [ABTS], and Tween 20.

6.2.2 Instrumentation

Polypyrrole/ATHAU electrodes were generated galvanostatically using a
laboratory m a d e galvanostat. Chronopotentiograms were recorded with this
instrument in conjunction with an ICI D P 600 recorder. The three electrode
system used consisted of a platinum wire working electrode or gold film (for
ELISA), a platinum gauze auxiliary electrode and a A g / A g C I (3M KCI)
reference electrode. Cyclic voltammograms and A C voltammetry were
recorded on B A S 100A Electrochemical Analyser. A

Dionex liquid

chromatographic module (CMB-2) and a Pulsed Amperometric Detector
(PAD-2) with a thin layer cell also supplied by Dionex, was used for ali FIA
experiments.

6.2.3 Preparation of Colloidal Gold

Preparation of colloidal gold was as reported previously (369,410) and i
detailed here. T w o solutions A and B were mixed in a 1:1 ratio in order to
obtain the colloidal sol. Solution A consisted of 1 ml of 1 % H A u C l 4 . 4 H 2 0
and 79 m l deionised water while solution B contained 4 ml 1 % w / v
trisodium citrate, 150uL 1 % w / v tannic acid and 150uL 25 m M K 2 C 0 3 and
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deionised water to make 20 ml. The volume of tannic acid and K2C03
solution used determines the diameter of the colloidal gold obtained.

Solution A (80 ml) and B (20 ml) were heated to 60°C and then B was added
quickly to A while rapidly stirring. This was heated to boiling for 2 minutes.
The reduction of gold (m) was completed during this time as indicated by the
formation of a red colour. The size of the colloidal gold particle so prepared
was calculated as previously reported (369, 410).

6.2.4 Preparation of Polypyrrole Electrodes

Polypyrrole electrodes were prepared by galvanostatic electropolymerisation
of pyrrole m o n o m e r from aqueous solution onto a platinum substrate. The
working electrode was polished on a polishing cloth with alumina and then
cleaned by ultrasonification prior to use.
Table 6-1:

Composition of Polymerisation Solutions including auxiliary
incorporating agents.

PP/ATHAU 05M Pyrrole/100 -1000 ppm ATHAU
PP/ATHAU/SDS

0 5 M Pyrrole/100 -1000 ppm ATHAU/0.01M SDS

PP/ATHAU/Tiron

0 5 M Pyrrole/100 -1000 ppm ATHAU/0.01 % Tiron

PP/ATHAU/

0 5 M Pyrrole/100 -1000 ppm ATHAU/6.940 x IO12 Gold

Colloidal Gold

particle /LLI

Calculated as per reference (410).

The monomer solutions containing the pyrrole (0.5 M) and anti-thaumatin
including the composition of the auxiliary agents are shown in Table 6-1.
The solutions were deoxygenated with nitrogen for 10 minutes prior to use.
Current densities of between 0.25 and 1.00 m A c m 2 were used for 5 minutes
to achieve electropolymerisation.
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6.2.5 FIA using the PP/ATHAU Polymers

FIA was performed with a Dionex liquid chromatographic module (CMB-2).
A 50 ul sample loop was used for ali experiments. The thin layer cell was
controlled by the Dionex pulsed amperometric detector. Phosphate buffer
0.05 M (pH = 7.4) was used as the carrier solution.

6.3 CHARACTERISATION OF THE POLYMER ANTIBODY
ELECTRODES
The incorporation of ATHAU and additives into an electrically generated
polypyrrole film was carried out and the polymerisation process was
monitored by chronopotentiometry. Characterisation of the P P / A T H A U
films was done using Cyclic Voltammetry (electrochemical activity) and
Enzyme-Linked Immunosorbent Assays (bioactivity) in order to
determine the activity of the immobilised antibody and the influence of
the additives.

Scanning electron microscopy was performed on the anti-thaumatin
immobilised polypyrrole electrodes using Hitachi S E M analyser model
S450. Polymers were deposited on gold films using the galvanostatic
procedures as described earlier.

The presence of the immobilised protein was determined by ELISA on
the polymers as detailed in Appendix III. After polymerisation, a section
of the polymer (0.2 cm 2 ) containing A T H A U was placed in the bottom of
a microtitre. Antigen was bound to the antibody and the polystyrene
plates were flooded with ovalbumin (1%). Horse radish peroxidasethaumatin tracer was bound to the antigen, thoroughly mixed and then
incubated for 18 hours (overnight). The plates were washed after the
incubation step using the buffer an Milli-Q water. A B T S (411,412)
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substrates was added and the microplate reader (max 414 mn after Na
Azide stop) immediately after the incubation step. ELISA experiments
were carried out in duplicate and were reproducible within 10%.

6.4 RESULTS AND DISCUSSION
6.4.1 Characterisation of the Polypyrrole Electrodes
It was found that Anti-thaumatin could be incorporated directly into
polypyrrole using the galvanostatic method. Polymer growth could be
initiated from an aqueous solution containing just the pyrrole monomer
and anti-thaumatin. Potentials drawn during polymerisation are shown in
Table 6-2 below:

Table 6-2:

Potentials required for Polymerisation of
PP/ATHAU

Polymer
PP/ATHAU
PP/ATHAU/Tiron
PP/ATHAU/SDS
PP/ATHAU/Col-Gold

Potential
(V)
1.26
0.65
0.70
1.41

Composition of the polymerisation solutions is as shown in Table 6-1

The solution composition for the preparation of each electrode was
previously shown in Table 6-1. The chronopotentiograms recorded during
polymer growth indicated that in ali cases, a conducting polymer was
produced (Figure 6-1). The potential drawn during polymerisation was
nearly halved with the use of tiron or SDS compared to colloidal gold. This
is due to oxidation oftironto orthoquinone at the electrode followed by
chemical oxidation of pyrrole by the oxidised tiron (407,409). This therefore
caused a lowering of the potential.
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Figure 6-1: Chronopotentiogram recorded at Polypyrrole-Anti-thaumatin Electrode. Solution contained 05
pyrrole and 100 mg/L anti thaumatin (aqueous) . Current density = 0.5 mA/cm2, and growth time was 5
minutes.

Since anti-thaumatin is the only other species present, it must be
incorporated as the anion (A-) in the polymer structure w h e n no additive is
present.
Table 6-3:

ELISA

data(1> for Polypyrrole Anti-Thaumatin

Polymer

PP/N03
PP/ATHAU
PP/ATHAU/Tiron
PP/ATHAU/SDS
PP/ATHAU/Col-Gold
(1)

Electrodes

Activity/cm2
Electrode
(x IO"2)
0.31
1.67
1.23
1.10
0.92

Measured as units oi activity from calibration curves

Table 6-3 shows that P P / A T H A U exhibits the highest bioactivity while
the P P / N 0 3 electrode containing no antibody incorporated w a s the least
active. The blank value recorded for the P P / N 0 3 electrode is presumably
due to non specific binding of the antigen. The ELISA experiments
revealed that the PP/ATHAU/Colloidal gold w a s less bioactive. Also the
ELISA result with the use of auxiliary incorporating agent seem to
suggest that the majority of the immobilised antibody might have lost
their biochemical activity, or there w a s an over-saturation of the
antibody active sites.
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Scanning Electron Microscopy was performed on polymer-coated gold
films containing the auxiliary incorporating agents (described in Table 61) and on the blanks. The results obtained at ali electrodes with S E M are
shown in Figure 6-2. A n S E M photograph containing only A T H A U is
shown in Figure 6-2a. The surface was very rough and presumably nonporous. With tiron additive present in the film, (Figure 6-2b), a highly
porous and relatively ordered surface was obtained. P P / A T H A U
electrode containing S D S (Figure 6-2c) also revealed a very porous and an
irregular surface. The presence of colloidal gold (Figure 6-2d) in the
electrode, a highly ordered, more compact and porous surface w a s
obtained. The blank ( P P / N 0 3 ) polypyrrole electrode (Figure 6-2e) was
however distinctly different from the electrodes containing the
immobilised antibody. The surface reveals a highly textured film;
relatively, this w a s smooth compared with results from P P / A T H A U
electrodes containing the additives.

The SEM results also show the distinct morphologies obtainable in the
P P / A T H A U electrodes containing the auxiliary agents. These results also
confirms the different morphologies in the P P / A T H A U films prepared
in the presence of the auxiliary incorporating agents.
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Figure 6-2: Scanning Electron Micrographs of PP/ATHAU electrodes containing (a) PP/ATHAU
(b) PP/ATHAU/Tiron, (c) PPIATHAU/SDS, (d) PPIATHAU/Colloidal gold, (e) PP/N03.

only,

The cyclic voltammograms (CVs) recorded after polymer growth
indicated that an electroactive polymer capable of undergoing reduction
and oxidation was obtained. C V s recorded for P P / A T H A U electrode
containing the auxiliary agents exhibited different behaviour (Figure 6-3):

EtVQLT)

]lM
Cathodic

£ IVCLD
(V0LT1

Figure 6-3: CVs recorded at (a) PP/ATHAU,(b) PP/ATHAU/SDS, (c) PP/ATHAU/Colloidal gold, (d)
PP/ATHAU/Tiron using 0.1M NaN03 media. Scan rate was 100 mV/s. Polymer was prepared as in Figure
6-1.
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Well defined oxidation/reduction responses were recorded for the
P P / A T H A U polymer in nitrate media (Figure 6-3a). The fact that the anodic
peak position was recorded at moderate potential suggests that the process
m a y involve anion /cation being incorporated and expelled due to the
relatively immobile nature of the antibody.

This m a y be different to

observations in phosphate media (Figure 6-4) where the process m a y
involve mostly cations.

For PP/ATHAU/SDS polymers, well defined and sharper anodic and
cathodic peak responses were obtained in 0.1 M solution of N a N 0 3 (Figure 63b). The two cathodic and anodic peaks in the voltammograms suggest that
significant cation exchange occurs at this electrodes.

For PP/ATHAU/Colloidal gold (Figure 6-3c), the anodic peak position was
recorded at moderate potentials similar to that of P P / A T H A U polymer
(Figure 6-3a). The oxidation/reduction process m a y

also involve

anion/cation being incorporated and expelled.

For PP/ATHAU/Tiron (Figure 6-3d), the anodic and cathodic peaks occurred
at nearly the same potential range as observed with P P / A T H A U polymers,
although, sharper cathodic peak was obtained for the P P / A T H A U / T i r o n
polymer. The process m a y also involve anion /cation being incorporated and
expelled due to the fact that the antibody immobilised is too large to be
expelled.

Obviously, each electrode exhibits different affinities for the electrolyt
due to the nature of the auxiliary incorporating agent. Electrodeposition of
the polymers in the presence of the auxilliary incorporating agents
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ultimately results in p o l y m e r s with different electrochemical

and

biochemical activities.

6.4.2

Influence of p H o n Electrochemical Activity of the P P / A T H A U
Electrode

Cyclic v o l t a m m o g r a m s w a s then recorded with the P P / A T H A U electrode
using phosphate buffer (Figure 6-4). Results obtained also indicated that the
polymer is capable of undergoing oxidation/reduction process in this media.
This reduction process is often associated with anion m o v e m e n t , according
to:
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Figure 6-4: Cyclic voltammogram obtained using PP/ATHAU. Electrolyte was 0.05 Aí Phosphate buffer (pH
74), Scan Rate = 100 mV/sec. Electrode was prepared as in the Experimental Section. Monomer solution
contained 05 Aí Pyrrole and 100 mg/l Anti-thaumatin solutions made up in distilled water, current density
05 mA/cm2, growth time = 5 minutes.
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However in equation 6-2, w h e n A" is a bulky immobile ion such as an
antibody then cation from solution often moves in and out of the polymer
to provide charge compensation (279). The fact that the anodic peak position
in the voltammogram occurred at more negative potential suggests that in
the case of P P / A T H A U , the process m a y involve mostly cations.

The influence of pH on the electrochemical activity of PP/ATHAU was then
studied using the phosphate buffer with p H range between 5.0-8.5. The
average of the currents recorded for the anodic and cathodic processes
indicates that the electrochemical activity of the polymer electrode was
affected by the p H of the phosphate media. Figure 6-5 shows that p H of about
7.5 is required for the optimum electrochemical activity of the P P / A T H A U
electrodes after which a drop in the currents was recorded.
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Figure 6-5: Influence of pH on the electrochemical activity of PP/ATHAU
Electrodes. Polymer was prepared
asin Figure 6-2. Eleárolyte solution contained 0.05 M phosphate buffer. Scan rate = 100 mV/s. Potential
range = -1.0 - 0.6 V. Phosphate buffer was prepared as described in reference 413).
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The average of the anodic and cathodic currents measured within the
potential range indicated above shows that with increased p H , polymer
electroactivity increased drastically above p H 4 and a reduction was recorded
above p H 7.5. Evidence of the loss in polymer activity was shown by the
cyclic voltammograms recorded in the buffer solutions above p H 8.0. The
loss w a s shown by the disappearance of the main redox peaks in the
voltammogram.

6.5 SIGNAL GENERATION
After exposure of the antibody-containing electrode to thaumatin (THAU)
no analytical response was observed using cyclic voltammetry even after
incubation for 1 hour with 100 p p m Thaumatin in phosphate buffer (pH =
7.4) at 37°C. This confirms that as with the A H S A - H S A systems, any
interaction between A T H A U in the polymer and T H A U in the solution did
not result in a faradaic signal.

Consequenüy the use of AC voltammetry was investigated because of its
ability to detect and discriminate between capacitive and faradaic current.
After incubation (at 37°C) of a P P / A T H A U electrode in 50 p p m T H A U for 1
hour, slight changes in the A C voltammograms were noted. However, the
response obtained was not analytically useful since it was neither sensitive
nor reproducible but it did indicate that an Ab-Ag interaction m a y have
occurred.

Subsequently flow injection analysis (FIA) was considered. A simple FIA
system was set up as described in the experimental section using phosphate
buffer (pH = 7.4) as the carrier eluent. Although, the cyclic voltammogram
using sodium nitrate was well defined, phosphate buffer eluent was used
because the thaumatin protein was found to be more stable in the phosphate
buffer.
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Initially injections of thaumatin into the solution were carried out using a
constant applied potential. Hydrodynamic voltammograms (Figure 6-6) were
obtained at bare platinum and P P - A T H A U coated platinum electrodes.
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ÜJ
X

•
a
•

PP/ATHAU
PP/NO
BARE PLATINUM

<
UJ
CL

POTENTIAL(V)

Figure 6-6: Constant potential Hydrodynamic Voltammogram. Injections were 50 /JL of 50 mg/L THAU using
PP/ATHAU,
platinum or PP/N03 electrodes. Eluent = 0.05AÍ Phosphate buffer (pH 7.4). Flow Rate = 1
ml/min.

Hydrodynamic voltammograms obtained for the electrodes used shows that
the response to thaumatin

increased with increasing potential on ali

electrodes. The magnitude of the response was largest on P P / A T H A U . Even
on the polymer coated electrodes the response was found to increase in the
potential range where the polymer is k n o w n to be over oxidised (+0.70V).
This is an interesting observation because polypyrrole electrode is k n o w n to
become less conductive at these positive potentials (353). H o w e v e r the
polymer is also k n o w n to become more porous (353) which m a y increase the
accessibility of active sensing sites.
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As in the P P / A H S A electrode system (Chapter 5), the use of FIA with
constant potential was investigated. In ali cases, dips were observed after the
FIA peaks (Figure 6-7). Also, the time needed to obtain a stable baseline after
every change in the applied potential was long (approximately 30-60
minutes). Moreover, these signals were not reproducible since they decrease
with subsequent injections. Both of these effects were presumably due to the
generally irreversible nature of the Ab-Ag interaction.

1
W>uA

(a)

(c)

(b)
1.0 min
i

1

Figure 6-7: Typical FIA signals recorded for the injection of 50 mg/L thaumatin solutions using
PP/ATHAU
electrode at different constant potentials. (a) 0.4 V, (b) 0.6 V, (c) 0.8 V, and (d) 0.9 V. Other conditions as in
Figure 6-6.

Subsequently the use of pulsed potential waveforms as reported previously
in Chapter 5 for the PP/AHSA-HSA system was investigated.
A pulsed hydrodynamic voltammogram was obtained (Figure 6-8) by
keeping the initial potential (Ei) constant at 0.00V and varying the final
potential (E2). The potential was oscillated between these two potentials with
a pulse width of 120 msecs. The current was always sampled at the end of E2.
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Figure 6-8: Pulsed Potential Hydrodynamic Voltammogram. Injections 50 ppm THAU
using
PP/ATHAU
electrodes. Eluent =0.05 Aí. Phosphate buffer (pH 7.4). Flow Rate = 1 ml/min. Ei = 0.00, E2 = pulse potential
(As shown on X axes), íj =t2= 120 ms. Current sampled for 16.7 ms at the end of E2. Other conditions as in
Figure 6-6.

Pulsing to more negative potentials resulted in small signals whereas
pulsing to more positive potentials resulted in an increased signal at least for
potentials of up to +0.60V where the signal magnitude plateaued. Since the
polymer is k n o w n to be over-oxidised at potentials greater than +0.60V a
pulsed potential waveform with a positive value short of this (Ej = 0.00 V
and E 2 = +0.40 V) was employed.

S o m e well defined (non-tailing) and reproducible signal responses were
obtained during FIA using this pulsed potential routine as s h o w n in Figure
6-9 below:
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Figure 6-9: Typical FIA signals recorded for the injection of 50 mg/L thaumatin solutions using
PP/ATHAU
electrode at different pulse potentials. E^O.OOV, E2= (a)02V,(b)
0.4 V, (c) 0.6 V, (d) 0.9 V .Other
conditions as in Figure 6-8.

Switching the applied potential causes dramatic changes in the chemical
properties of conducting polymers. It was also observed that the magnitude
of the signals recorded varies between electrodes; this is presumably due to
the changes in the surface nature of the electrodes with the applied pulsed
potential.

6.5.1 Flow Rate Dependence on FIA Signals

The effect of flow rate on the FIA response was considered using the
established pulsed conditions (Figure 6-10). At flow rates above 0.5 m L / m i n ,
the response decreased.

This flow rate dependence, again, highlights the importance of kinetic factors
in optimising this type of recognition/signal generation mechanism. Since a
flow rate of 1.0 m L / m i n gave faster analysis times with a minimal loss in
sensitivity this was used in subsequent experiments.
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Figure 6-10: Flow rate dependence PP/ATHAU electrode. Eluent = 0.05 Aí. Phosphate buffer (pH 7.4).
=0.00V, E2 =0.40. Current sampled for 16.7 ms at the end of E2. Injections of 1.0 mg/L thaumatin
concentration. Injection volume = 50 [iL.

6.5.2

Sensitivities and Typical FIA Signals

A calibration curve was obtained (Figure 6-11) which indicates that the
response was linear over the concentration range investigated (up to 100
ppm).

It was found that FIA responses for thaumatin obtained on P P / N O 3 (ie. with
no antibody present) were m u c h lower (<1%) than those obtained on
P P / A T H A U over the concentration range considered in Figure 6-11. This
confirms that A T H A U is required to enable the signal generation process.
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Figure 6-22: Calibration curve for injection of THAU using PP/ATHAU electrode. Eluent = 0.05 Aí Phos
buffer (pH 7.4). Blank = PP/N03 Flow rate = 2.0 ml /min, Ej = 0.0V, E2 = 0.40 V, current sampled at the e
ofE2.1-^2=120 mS. Injection volume = 50(JL.

Typical FIA responses for the injection of Thaumatin at P P / A T H A U
electrode are as shown in Figure 6-12.

T
| 1.5 //A
(b)
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uu
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Figure 6-12: Typical responses obtained for THAU injections using PP/ATHAU
electrode. Concentratio
Thau = (a) 100 mg/L ,(b) 50 mg/L (c) 15 mg/L, (d) 5 mg/L. Flow rate = 1 ml/min. Other conditions as in Figu
6-11.
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A s s h o w n above, well defined symmetric signals were obtained at pulsed
potentials for the detection of thaumatin at ali the concentrations
considered.

6.5.3 Influence of Additives on FIA Signals

Detection of thaumatin at the PP/ATHAU electrodes containing the
additives were

also considered. P P / A T H A U ,

PP/ATHAU/Tiron,

P P / A T H A U / S D S and PP/ATHAU/Colloidal Gold were employed for the
detection of thaumatin. Figure 6-13 shows the increased sensitivity obtained
for thaumatin at the P P / A T H A U electrodes in comparison with additivecontaining solutions P P / A T H A U electrodes. This corresponds with the
ELISA results that show that the higher bioactivity (Table 6-3) is obtained
when n o additives are used. This again highlights the need for a bioactive
surface for efficient signal generation.

10-i

D

PP/ATHAU

O

PP/ATHAU/Tiron

O

PP/ATHAU/SDS

A

PP/ATHAU/Col.Au

100
CONC.(mg/L))
Figure 6-12: Calibration curves for the injection of THAU using the PP/ATHAU
containing PP/ATHAU electrodes. Conditions as in Figure 6-10.

and the auxiliar

Polypyrrole-based Thaumatin Sensor

6.6

Page 207

SELECTIVITY OF PP/ATHAU ELECTRODE

The selectivity towards other test proteins and s o m e anionic species w a s
tested. Since P P / A T H A U has been shown to be the most sensitive for the
detection of T H A U in FIA, the selectivity of the system was investigated by
injecting various proteins. A s s h o w n in Figure 6-14, responses to these other
proteins were obtained.

<
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X
E
Ed
D.

CONC. (mg/L)

Figure 6-14: Responses obtained for injections of various proteins. Polymer was prepared as describe
experimental sectwn. THAU = Thaumatin, BSA = Bovine serum albumin, HSA = Human serum albumin,
CHYM = Chymotrypsin.Other conditions as in Figure 6-11.

However, the responses are m u c h lower in magnitude than those obtained
for the same concentrations of thaumatin thus verifying the importance of
the A b - A g interactions. It is possible that these responses arise from nonspecific interactions on the polymer backbone.

It has been reported previously (82,103) that responses due to simple anions
can be obtained in a FIA setup using polypyrrole electrodes. Injection of
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simple anions into the FIA system containing the PP/ATHAU electrode did
result in signals being obtained. However, as shown by the sensitivity values
(slope from calibration curves) in Table 6-4 the response for thaumatin is
m u c h greater than that obtained for these simple ions.

Table 6-4: Calibration Data for the Detection of Simple ions at
PP/ATHAU
Electrodes.

Analytes

Slope
(nA/AC)

Correlation
Coefficients

Cl"
C10 4 -

0.700a
0.020a

0.995
0.976

SCN"
C032"

0.700a
0.010a

0.991
1.000

700.000*

0.969

Thaumatin

Conditions: a = concentration range between 500 ppm and 50 ppm for each ion.
b = concentration range between 100 ppm and 05 ppm for thaumatin.
Polymer preparation as described in the Experimental Section.
Other conditions as in figure 6-8. AC= Change per unit concentration.

It is also envisaged that for practical analyses, the use of the standard
addition approach would be a suitable method to allow quantitation w h e n
other simple ions are present.

6.6.1 Comparison of Detection with other Artificial Sweeteners

The use of other sweet-tasting food enhancers including Monelin - a natural
protein of molecular weight « 1 1 000 (400), Aspartame - a dipeptide methyl
ester of phenylalanine (401) and aspartic acid (marketed as Nutra Sweet)
were considered for detection at P P / A T H A U electrodes. This is to further
compare the selectivity of the electrode with these agents. These compounds
were injected into the flowing system.

Results in Figure 6-15 show the PP/ATHAU electrode detection of
aspartame, monelin and thaumatin. The response for aspartame is
presumably due to the interactions with the conducting polymer backbone.

At higher concentrations the response to thaumatin was higher and yet at
lower concentrations, the polymer prefrentially responded to aspartame.
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Figure 6-15: Response obtained for injection of artificial sweeteners using PP/ATHAU
prepared as described in the experimental section. Other conditions as in Figure 6-10.

electrode. Polymer was

The P P / A T H A U response to monelin is not surprising due to the fact that
antisera raised against thaumatin has been shown to cross-react with other
non-protein sweet substances in a radioimmunoassay experiment including
aspartame, calcium cyclamate, neohesperidin dihyrochalone, and monelin
(405). However, the increased sensitivities recorded for thaumatin at higher
concentrations with this polymer suggested that the electrode is more
selective to thaumatin compared to aspartame and monelin sweeteners.

6.6.2 The Use of QCM in Elucidating the Mechanism of Signal
Generation

EQCM experiments were reported for the PP/AHSA-HSA system in
Chapter 5 in order to elucidate the mechanism of amperometric response
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obtained for the detection of HSA. Similar experiments were
conducted for the PP/ATHAU-Thaumatin system here. The detailed
experimental conditions for E Q C M were as discussed in Chapters 2 and 5.
The mechanism of signal generation, as with polymer systems
containing AHSA, were considered and confirmed with the use of
EQCM.

The PP/ATHAU electrode was coated on quartz crystal by galva
electrodeposition. The mass increase during the deposition is as shown
in Figure 6-16.
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Figure 6-16: Galvanostatic electrodeposition of polypyrrole antibody on auartz crystal. Solution contained
05 Aí pyrrole and 100 mg/L anti-thaumatin solutions in aaueous, current density = 05 mA/cm2.

As for the PP/AHSA electrode, an almost linear increase in m
time was obtained during the electrodeposition of the PP/ATHAU
electrode on quartz crystal thus signifying a mass increase as the
PP/ATHAU film was being deposited.
Investigations involving the use of the antibody-containing
sensor were carried out using cyclic voltammetry. Results obtained show
a mass increase on reduction and decrease on reoxidation (Figure 6-17). A

roíypyrrote-oasea 1 naumatm Sensor

slight increase in mass was recorded for the PP/ATHAU electrode coated
on quartz crystal using 0.05 M phosphate buffer (Figure 6-17a), but there
was a significant increase in the mass recorded in the presence of 1000
ppm thaumatin (Figure 6-17b). The observed mass increase upon the
injection of thaumatin was due to the interaction of thaumatin with the
anti-thaumatin or due to enhanced cation incorporation as the polymer
was reduced.
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Figure 6-17: Mass versus potential profüe using PP/ATHAU
electrode in (a) 0.05 Aí Phosphate buffer
only. (b) 1000 mg/L Thaumatin in 0.05 Aí Phosphate solution, Scan rate = 20 mV/s. Other condition as in
Figure 6-16.
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The influence of other proteins on the QCM responses were also
considered. Increase in mass was also observed in the presence of other
proteins though not so large in magnitude. The rate of increase in mass
compared to those observed with Thaumatin was low (Table 6-5). Mass
changes at applied pulsed potentials and potential ramp conditions in
the presence of other proteins are summarised in Table 6-5 below:

Table 6-5:

Maximum mass changes at PP/ATHAU
proteins

Analytes

Maximum
Mass changes
with PotentialRamp.a
(M-g)

Atomic
Mass
(a.m.u.)

Thaumatin

0.16

22,293

Aspartame

0.03
0.03
0.02

310
10 700

Monelin
Chymotrypsin

electrode using different

23 200

Polymerisation solution contained 05 Aí pyrrole and 100 mg/L anti-thaumatin in aqueous
solutions. a = scan rate at 20 mV/s. Current density = 05 mA/cm

The mass potential profiles observed at applied potential ramps were
similar for thaumatin compared to the other proteins, but appreciable
mass change w a s obtained with the P P / A T H A U electrodes in thaumatin.
This is probably due to the enhanced interaction between thaumatin
present in solution and the immobilised anti-thaumatin.

Since the oxidation/reduction process at the PP/ATHAU electrode is
accompanied by cation movement due to the relative immobility of the
antobody, the influence of cations present in the electrolyte media was
considered. By varying the cation in the electrolyte media and keeping
the anions constant (i.e. chloride), mass changes at the electrode were
investigated. These results are summarised in Table 6-6:
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mass changes for cations» at
electrode

Cations

Max. Mass
Changes
at D C ()j.g)

Atomic
Mass
(a.m.u)

Potasium

0.04

39

Sodium

0.06

Lithium

0.06

23
7

Ammonium

0.02

Aluminium

0.04

18
27

Zinc

0.06

65

P P / A T H A U electrode coated on quartz crystal was prepared as in
Figure 6-16. Other conditions as in Table 6-5.

It can be observed that there were slight mass changes for the cations at
the electrode with applied potential. The trend in the observed mass
changes could be related to the ionic size and mass of the ions in
solution. It is very likely that the bulk process occurring at the electrode
m a y involve the interaction of the thaumatin with the immobilised anti
thaumatin molecules.

6.7 PRACTICAL APPLICATIONS OF PP/ATHAU SENSOR IN REAL
SAMPLE ANALYSIS
Thaumatin is normally used as flavour enhancer in soft drinks, medicines,
chewing g u m , cigarettetips,toothpastes and m o u t h washes due to its long
lasting sweetness (395,399). Detection of Thaumatin in Coke™, Diet Coke™,
Berri Fruit juice and Ginger Beer w a s carried out so as to test the practical
applicability of the P P / A T H A U Sensor. A n indication of the suitability of the
polypyrrole thaumatin sensor w a s obtained by investigating the recovery
effíciency in real samples. The results are s h o w n in Table 6-7. In the results
obtained for Diet Coke™,
concentrations.

the samples spiked with several thaumatin
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Table 6-7:
Thaumatin
Concentration
Injected
(mg/L)

Results obtained for trecovery of Thaumatin from
Diet Coke ™Samples
(PP/ATHAU electrode)
Thaumatin
Concentration
Detected

% Recoveries"

(mg/L)

10

10

100.0 + 2

15

14

107.0+3

25

26

96.0 ± 4

50

53

94X)±4

; prepared as described in
a = Mean ± Standard Deviation, n = 10.Polymer was
the experimental section. Ej = 0.0 V, E2
= 0.4 V, = t2 = 220 ms. Injection
volume = 50 fíL, flow rate = 1 m/min.

The results in Table 6-7 indicate that the use of P P / A T H A U sensor is adequate
for the determination of 10 - 50 m g / L thaumatin. The recoveries are in the 94 to
104%

range. The results also s h o w

that polypyrrole anti-thaumatin

( P P / A T H A U ) sensor could be used for the determination of thaumatin in soft
drink samples. The technique appears to suffer from interference at low
thaumatin concentrations.

6.8 CONCLUSION

It has been shown that ATHAU can be directly incorporated into polypyrrole,
to produce a sensor with linear response characteristics and a sensitivity
appropriate for sensing thaumatin in foods.

Since the changes in the electrical signals arising from the interaction of
T H A U with the polymer can be generated using A C voltammetry, it is
proposed that the signal is non-faradaic. The problems with the selectivity
and reproducibility of the signal were apparent using A C voltammetry and
are probably due to the dynamic nature of the sensing surface and the
irreversible nature of the A b - A g interaction under normal exposure
conditions.
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The use of pulsed amperometric detection overcomes the problems of
obtaining reproducible and well defined signals for thaumatin using
polypyrrole anti-thaumatin ( P P / A T H A U ) electrode. Adequate selectivity and
sensitivity were obtained for thaumatin at the electrode compared with
other proteins. The P P / A T H A U sensor can be used adequately for the
determination of 10-50 m g / L thaumatin in soft drink samples. The
recoveries are in the 94-107% range and the sensor just proves suitable for
the determination of thaumatin in soft drink samples. The technique
appears to suffer from interferents at low leveis of thaumatin in the samples.

Results obtained with EQCM experiments indicates that mass increase was
reversible. This is because the polymer returned to the original mass upon
the application of positive potential. Appreciable mass changes were
recorded using thaumatin in phosphate buffer compared to just buffer alone,
other simple ions or w h e n other proteins were present. Current-time
profiles obtained in the presence of thaumatin showed that the redox process
occurring at the P P / A T H A U electrode m a y be distinctly different to those
occurring with either the buffer alone, simple ions or w h e n other proteins
were present.
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Conducting Polymer-based
Electrodes: - A Tunable Detector
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7.1 INTRODUCTION

The control of the chemical and electrochemical properties of conducting
polymers via the manipulation of their chemical composition and
applied potential has been demonstrated in previous Chapters. Through
the application of appropriate pulsed potential stimuli, continued
renewal of the electrode surface is also ensured. The mechanism of the
signal generation implies that the current generated through pulsing is
directly related to the affinity of the immobilised counterion and the
mobility of analyte present in solution.

The use of microelectrodes in the detection scheme has also been shown
to provide an advantage in improving the limit of detection. It also
ensures better electrochemical control because of a decrease in the iR
drop. Furthermore it allows a lowering of the chemical competition
(analyte/eluent) for ion exchange sites in the polymer by the use of very
dilute supporting electrolytes. The result was that the detection limits
can be improved by up to three orders of magnitude.

Previous work was carried out using flow injection analysis (FIA).
However, FIA lacks the separation capabilities c o m m o n l y found in
chromatography. Consequently, for analysis involving mixtures of ions,
the use of High Performance Ion Chromatography (HPIC) is usually
considered (414,415).

Ion chromatography (IC) involves the chromatographic analysis of
inorganic anions and cations and is the method of choice for the
determination of ionic components in water (414-417,430). It utilises the
ability of ion-exchange resins to separate a mixture of ionic species being
carried through the system by a liquid mobile phase (eluent). After the
separation has been achieved, the individual ions are then measured by
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some form of detector, e.g. conductometric, spectrophotometric, or
fluorescence. The detector response is used both

for qualitative and

quantitative determination of the ion. The development of sensitive and
reliable detection methods has been a dominant factor in the progress of
ion chromatography as an extension of the classical open column ionexchange chromatography (418).

Modern ion chromatography was developed by Small, Stevens, and
Bauman (419 ). They used a conductivity detector in conjunction with an
ion exchange separator column and a suppressor. The function of the
suppressor column is to greatly reduce the background conductivity by an
ion exchange reaction with the eluent. The suppressor column also
increases the sensitivity with which sample ions can be detected.

Ion chromatography with suppression involves the seperation of anions
on an ion exchange column containing an ion exchange resin of low
capacity (420). A dilute solution of a base, such as sodium carbonatesodium bicarbonate is used as the eluent. Immediately following the
anion exchange column is a cation exchange suppressor unit that
converts the eluent to carbonic acid and the counter ion of sample anions
from sodium to hydrogen. Eluent and sample ions exchange with
hydrogen ions in the membrane as follows:
Eluent:
N a + H C 0 3 ' + Memb-S0 3 - H +

^ =

H 2 C 0 3 + Memb-S03-Na+

(7-1)

Sample ion:
Na+Cl" + M e m b - S 0 3 " H +

: ^ = ^ H + Cl" + Memb-S0 3 'Na +

-V-V

A conductivity detector is used and the background conductance from
the carbonic acid is low. The counter ion, especially the H + counter ion,
however, are highly conducting provided that the acid form of the anion
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is ionised to a reasonable extent. The suppressor utilises a membrane
unit m a d e of a sulphonated polymer (421). A dilute sulphuric acid
solution flows continuously around the outside of the membrane. This
solution replaces sodium ions in the m e m b r a n e with hydrogen ions
from the sulphuric acid thereby regenerating the membrane. Excellent
separations of ions are achieved with this system for a variety of anions
and cations.

Ion chromatographic (IC) analyses of anions and cations can also be
performed without the use of a suppressor unit. This is possible if the
ion exchange resin used in the separation column has a sufficiently low
capacity and if a very dilute eluent is used (422-424) or by the use of
electronic suppression. Typical eluents are 1.0 x IO"4 to 4.0 x IO"4 M
solutions of sodium or potassium salts of benzoic acid, hydroxy benzoic
acid, or phthalic acid.

Although IC with conductivity detection has been known to give
excellent determination for a variety of anions, weak acids cannot be
adequately detected (429,405). Moreover, the system requires the use of a
basic eluent. In the suppressed m o d e , the reduction of the background
conductance leads simultaneously to the suppression of ionisation of
analysed weak acids (429).

The most widely used method of disinfection utilises chlorine, but
because

of the

indication

of chlorine

in the

formation

of

trihalomethanes, alternative disinfectants are being considered (425).
Condie et ai. (426) have shown that the by-products of chlorine dioxide
have toxicological effects which produces hemolytic anemia in rats dosed
with these by-products in their drinking water. These compounds m a y
also be formed after the addition of hypochlorite during the ozonation of
water. Thus ozonation disinfection results in the oxidation of bromide to
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bromate. Bromate is a known carcinogen and detection limits at low
m g / L leveis are required for drinking water analyses. However, it is
necessary to monitor disinfection by-products at leveis in the range 0.1 1.0 m g / L (425); the range most likely to contain the m a x i m u m
contaminant leveis .

The present study was conducted because of the need for alternative
detection methods for ions. The current titrimetric and colorimetric
methods of determining these ions are subject to interference and
contamination. A successful use of these methods also require extensive
practice and visual aptitude in order to detect the end points. The United
States Environmental Protection Agency (US-EPA) has currently accepted
the use of IC for the analysis of nitrate in drinking waters and its use to
speciate other types of anions (425). Hence IC would seem to be a
convenient method for these analyses and so the combination of IC with
the n e w polymer based tunable detector for the determination of these
ions in water was investigated.

7.1.1 Aims and Approach of This Chapter

The aim of this chapter is the use of a detection system (developed in
previous chapters) with ion chromatography. The ability to tune the
electrochemical selectivity of the analytes under consideration by
changing the applied potential and current sampling points has been
investigated. Also the effect of changing the eluent employed in the
chromatographic separation and the nature of the counterion used in
preparing the polymers on chemical selectivity have been considered.

In the course of this work the use of conducting polymer coated
electrodes as a means of detection subsequent to ion chromatographic
separations have been investigated for a range of anions and halogenated
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organic acids (HOAs). Electrochemical selectivity was demonstrate
considering the effects of changes in applied potential and current
sampling points on the detection of ions and HOAs. Chemical selectivity
was achieved by changes in the eluent and polymer composition. Results
were compared with conductometric detection at every stage of the study.
Finally the application of the new sensing technique for the analysis of
environmental samples is reported.

12 EXPERIMENTAL
7.2.1 Reagents and Standard Solutions

High purity sodium hydroxide was obtained from BDH chemicals. Al
reagents used were of analytical reagent (AR) grade purity unless
otherwise stated. Pyrrole (Sigma) was distilled before use. Dichloroacetic
acid (DCA) and Monobromoacetic acid (MBA) were obtained from Fluka
Chemicals. Monochloroacetic acids (MCA), Dibromoacetic acids (DBA),
Tribromoacetic acid (TBA) and Trichloroacetic acid(TCA) were from
Sigma. NaBr0 3 , Na 2 S0 4 , N a H C 0 3 , N a N 0 3 , N a 2 C 0 3

and concentrated

H2SO4 were obtained from Ajax Chemicals. Ali solutions were prepared
by dilution of stock solutions in deionised Mill-Q water with a resistivity
of 17.8 M Q cm. Standard solutions of 1.0 M NaN03,1.0 M C H 3 C O O N a ,
0.5 M N a H C 0 3 ,1.0 M N a H 2 P 0 4 and 1 M NaF,

1 M NaCl, and 5 0 % w / w

N a O H were prepared. Ali eluents, regenerant and analyte solutions were
prepared from the stock and were filtered (0.45|im) prior to use.

7.2.2 Instrumentation

Ali chromatography was performed on a Dx 300 system (Dionex Corp
U.S.A.). The system consists of an advanced gradient p u m p (AGP), a
conductivity detector (CDM-11), a Micromembrane Suppressor (AMMS-
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11) and an Electrochemical detector (PED-11). Four different columns
were used for the experiments and are listed in Table 7-1. Sulphuric acid
regenerants were delivered to the A M M S - 1 1 through the Regenerant
delivery system.

The operating conditions adopted for the anion and halogenated
organic acid ( H O A ) determination are shown in Table 7-1.

Table 7-1:

Operating Conditions Used for Anion and Organic Acids Determination

Conditions

Columns:
Preconcentration
Separation
Suppression
Eluents:
1.
1
3.
4.
Regenerant
Regenerant Flow
- (ml/min)
Regenerant Flow
Sample loop

Anion
Determination

HOA

HPIC-AG4, AG11
HPIC-AS4, AS11, AS10
HPIC-AMMSll"

HPIC-AG4, AG11
HPIC-AS4, AS11, AS10
HPIC-AMSS11

10 m M Na2CCy0.75 m M NaHC0 3
1.8 m M Na2CO3/0.75 m M NaHCC^
21.0mMNaOH
5.0 m M Na2B4O7.10H2O

2.0 m M Na 2 CO 3 /0.75 m M N a H C 0 3
1.8 m M Na2CO3/0.75 m M N a H C O g
21.0 m M N a O H
5.0 m M Na 2 B 4 O 7 .10H 2 O

123 m M H 2 S0 4

12.5 m M H 2 S 0 4

25 - 3.0

25 - 3.0

50 uL*
stated
a = Micromembrane Suppressor, b = otherwise
Or

Determination

50iiL6

Microgalvanostats capable of measuring currents in n A and m A ranges
were manufactured at the Science Workshop, University of Wollongong.
Other electrochemical instrumentations employed include: B A S 100A
Electrochemical Analyser, Electrolab Workstation. Dionex AI 450
Chromatographic software or ICI D P 600 chart recorder were used for data
acquisition.
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The microelectrodes were homemade and the platinum wires were
obtained from Goodfellow Metals, U.K. The electrodes were polished
using 0.30 and 0.05 u m alumina slurries on a flocked-twill polishing cloth
(Leco). After polishing, the electrodes were rinsed with copious amounts
of water and then each electrode was ultrasonicated for 30 seconds in a
beaker of water. Electrode surfaces were further treated by immersing in
hot perchloric acid followed by a thorough rinsing with deionised water.

A modified Dionex thin layer flow-through cell described earlier in
Chapter 4 w a s used for ali microelectrode experiments (diameter = lOum).
Ali measurements were carried out in a Faraday cage fitted with an
amplifier and optimum results were achieved by placing the waste bottle
within the Faraday cage. Stationary cell experiments were performed in a
three electrode system including a platinum wire gauze auxiliary
electrode while a platinum disk working electrode served as the substrate
on which the polymer was grown.

The flow-through experiments (Chronoamperometry and
Chromatography) utilised a stainless steel auxiliary electrode. Ali
potentials were measured against a A g / A g C I (3 M

NaCl) reference

electrode. The modified thin layer flow cell was placed immediately after
the conductivity cell and both detectors were placed after the suppressor
as shown Figure 7-1.
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Figure 7-1: Experimental set-up for Microelectrode Ion chromatography. Polymer Modified Electrode
was placed within the flow cell encloseã in the Faraday cage.

7.3

ELECTROPOLYMERISATION

Polypyrrole electrodes were prepared as described in Chapter 4. A current
density of 2 m A / c m

was used and polypyrrole was deposited for 10

minutes on microelectrodes. A current density of 0.85 m A / c m 2 was used
on macroelectrodes and the deposition time was 5 minutes.

7.4

RESULTS AND DISCUSSION

In the course of this w o r k , P P / C l a n d P P / D S coated o n both platinum
m a c r o - a n d micro- substrates w e r e used. T h e y h a v e b e e n previously
s h o w n to exhibit adequate sensitivity for the detection of electroinactive
ions using F I A (Chapter 4). Ali subsequent w o r k w a s then focused o n
these t w o electrodes a n d the responses obtained w e r e c o m p a r e d with
those f r o m conductivity detection.
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Electrochemistry in Eluents and Analytes Employed in H P I C

The electrochemical properties of the polymer-coated electrodes were
considered in eluents to be employed for ion chromatography.

In order to choose an appropriate eluent, the cyclic voltammograms of
the electrodes under consideration were recorded in different media.
Eluents (1-4 in Experimental Section) containing hydroxide, carbonate
and borate were investigated. Ideally the eluents should be conductive
enough to allow the polymer to be electroactive. Moreover, the anion of
the eluent should not be readily incorporated since a response due to the
analyte anion is required.

The eluents chosen for this work have similar redox characteristics as was
evident through their voltammetric responses. In hydroxide, the
electroactive behaviour at ali electrodes w a s ideal in that distinct
oxidation/reduction processes (A'/A) were obtained (Figure 7-2a).

Well defined responses were also observed (A'/A and B) in the carbonate
eluents before suppression (Figure 7-2b). This confirms that the normal
oxidation/reduction processes at the polymer should occur efficiently
w h e n these eluents are employed for chromatographic separations. It was
found, however, that in the hydroxide eluent the polymer was not stable
over an extended period of time; stable for about 5-6 hours. This is to be
expected because ion exchange occurs; followed by a slower degradation
process in an alkaline solution (175,427).
PP+(A") + OH' ^= PP+OH" + A" (7-3)
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Figure 7-2: Cyclic voltammetric behaviour of chromatographic eluents recorded at PP/Cl (macro) in the
fofiowing eluents: (a) 21 mM NaOH (pH = 10.8). (b) 1.8 mM Na2CO3/0.75 mM NaHC03. Scan rate = 20
mV/s. Polymer prepared as desribed in the Experimental Section. Growth time = 5 minutes.

Reaction 7-3 has actually been reported to occur w h e n conducting
polypyrrole is treated with an alkaline aqueous solution (175,427).
Reaction 7-3 is the first step in the slow degradation of polypyrrole in
alkaline media. Since the concentration of O H ' is very low in this case,
slow degradation w a s observed. The electroactivity of the polymers were
found to be adequate but did degrade after about 5-6 hours. Conductivity
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of polypyrrole is k n o w n to decrease in media at high p H greater than 10
(428,429) and such p H s were encountered with these eluents.

Subsequently the cyclic voltammetry was studied with eluents after
suppression using the standard chemical suppressors as described in the
Experimental Section. After suppression of the hydroxide eluents,
currents d u e to oxidation/reduction decreased but well defined
voltammograms were still obtained (Figure 7-3).

-1.000
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E (VOLT)

(a)

1 Ou.A

i

Cat hodic
l
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i

J

.

i_

-0.5

-1.O00

Á*~~~
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(b)
Figure 7-3: Voltammetric responses at PP/Cl (Macro) using: (a) Hydroxide (b) Carbonate eluents after
suppression. Scan rate = 20 mV/sec. Polymers were prepared as in Fig. 7-2.

Similar behaviour w a s observed in carbonate and borate eluents; the
voltammograms (recorded in the eluent after the suppressor) did change

with time during continuous cycling as shown for the carbonate eluent in
Figure 7-3b compared with Figure 7-2b and a reduction in the current was
recorded. In hydroxide eluent, the composition of the eluent is mainly
water after suppression, hence the reduced electroactivity (currents
presumably due to impurities) is expected.

Cyclic voltammetry was then performed with PP/DS and PP/Cl (microand macro-) electrodes using the analytes to be detected. These were
fluoride, chloride, nitrite, bromide, nitrate, phosphate and sulphate.
These polymers have already been shown to undergo the expected
oxidation/reduction processes (Chapters 2 and 3). C V s were repeated at
these electrodes for ali the analytes and were found to be similar to those
shown previously.

Moreover, previous experiments involving the detection of these
analytes have shown that the use of polymer-coated microelectrodes
enables the lowering of the detection limits for anions using FIA;
compared with polymer-coated macroelectrodes. Since the use of the
suppressor system is expected to lower the background conductivity in
the present experiment, both macro and micro coated polymers were also
considered here.

Cyclic voltammetry of the polymers were also recorded in ali the organic
acids to be analysed. These were: monochloroacetic acid ( M C A ) ,
monobromoacetic acid ( M B A ) dichloroacetic acid (DCA), dibromoacetic
acid (DBA), tribromoacetic (TBA) acid, and trichloroacetic acid (TCA)
(Figures 7-4 and 7-5).
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Figure 7-4: Voltammetric responses for 0.1 M of: (a) MBA (b) TCA (c) DCA and (d) MCA at PP/Cl
(macro) electrodes. Scan rate = 20 mV/s. Polymers were prepared by galvanostatic electropolymerisation of
pyrrole (05M) in 1.0M NaCl as counterion. Current density of 0.85 mA/cm was applied for 5 min.

Well defined (A'/A) and reproducible responses were recorded for the
acids on polymer-coated macroelectrodes. Similar responses were
obtained for the polymer-coated microelectrodes in ali the acids and with
the expected reduction in current magnitude due to electrode size. The
distinct difference observed at the electrodes in the organic acid media is a
reflection of the different affinities of the polymer for these acids.

Similar experiments were carried out with P P / D S polymers in ali the
organic acids (Figure 7-5). T h e results s h o w that the expected redox
reactions were observed but they were not as distinct as those obtained at
PP/Cl electrodes. Increased current flow were recorded with P P / D S
polymers electrodes compared with PP/Cl polymers (compare current
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„.,»>,,^,_...,.,•.,.... ,„. ...Chromatography

Pa e

*

magnitudes in Figures 7-4 and 7-5). This m a y be due to the increased
polymer mass deposited with D S counterion (Chapter 2, Figure 2-14).
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Figure 7-5: Voltammetric responses for (a) M B A (b) T C A (c) D C A and (d) M C A at PP/DS (macro)
electrodes. Scan rate = 20 mV/s. Polymer toas prepared as described in Figure 7-4. using pyrrole (05 M )
in 0.1 M SDS as counterion.

This m a y be due to the difficulties in expelling the D S counterion
resulting in the cation of the supporting electrolyte playing a more
predominant role (Chapter 2). Another observation is the qualitative
similarities observed for ali the acids at P P / D S electrode; this also points
to the predominant role of the cation in the oxidation reduction processes
at PP/DS.
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Chronoamperometry

Chronoamperograms were recorded for each of the analytes to be
determined using the P P / C l a n d P P / D S electrodes in a flow through cell.
For example those obtained with IO - 3 M phosphate a n d IO - 3 M chloride at
P P / C l (micro) are s h o w n in Figures 7-6a a n d 7-6b respectively.
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Figure 7-6: Chronoamperograms obtained at PP/Cl (micro) using (a) 10'3M Chloride and (b) IO'3 M
Phosphate in flow-through cell. E1 = -1.00V, E2 = +0.60V,flow rate = 1 ml/min.

In both cases (Figure 7-6a & 7-6b), well defined current transients w e r e
obtained a n d the i-t profile is dependent o n the nature of the anion. N o t e
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that even at this levei (IO-3 M ) , the responses w e r e rapid and n o obvious
iR drop effects w a s observed. Chronoamperograms were also recorded for
ali the polymers in the organic acids to be determined (Figures 7-7 & 7-8).

TIMEtmSEC)

(c)

(d)

Figure 7-7: Chrmoamperornegrams obtained at PP/Cl macro coated electrodes using (a) 0.1M MBA (b)
0.1M TC A (c) 0.1M DCA (d) O.IM MCA in a flow-through cell. E1 = -1.00V, E2 = +0.60V, flow rate = 1
ml/min.

It can be seen from the above figures that unique i vs r profiles were
obtained thus confirming that the analytes have different affinity for the
electrode. A t P P / C l (macro) fast i versus t responses were recorded in in
ali the acids investigated but slower decay w a s observed in D C A and
larger current magnitude w a s obtained. In M C A the response w a s slower
with a slight shoulder in the current profile. This could b e d u e to the
relative differences in conductivities of the acids. Different affinities of
the acids for the polymer could also be responsible for the observed
behaviour. Well defined responses in current-time profiles (i-t) were
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recorded for PP/Cl coated microelectrodes with the expected reduction in
current magnitude due to electrode size and more rapid response time.
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Figure 7-8: Chronoamperomegrams obtained at PP/DS macro coated electrodes using (a) 0.1M MBA (b)
0.1M TCA (c) 0.1M DCA (d) 0.1M MCA in a flow-through cell. E 2 = -2.00V, E 2 = +0.60V, flow rate = 1
ml/min.

At P P / D S (macro) electrode in Figure 7-8 however, similar i versus t
profiles were obtained for ali the acids except that the current magnitudes
were different. This m a y be due to the differences in their equivalent
conductivities. Relative to PP/Cl coated electrodes, the profiles were
similar for ali the acids. This m a y be due to the fact that the cations of the
analyte ion play a predominant role in the ion exchange process.
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Chromatographic studies using the column and eluent systems detailed
in the experimental section were then considered. The separation and
detection of fluoride, chloride, nitrite, bromide, nitrate, phosphate and
sulphate were considered for chromatographic analyses at polymermodified electrodes. Typical results obtained at the polymer-modified
electrodes (macro-coated) are s h o w n in Figure 7-9a. These results are very
similar to those obtained for conductivity detection in Figure 7-9b.
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Figure 7-9: Typical chromatograms obtained at (a) PP/Cl (macro) and (b) conductivity detection
(background conductivity = 16ftS). Conditions: Standard Condition for Dionex AS4 A Column, 20ftL
injection volume, Flow Rate = 2 ml/min., (1) 2 mg/L F, (2) 3 mg/L CV, (3) 5 mg/L NO{, (4) 10 mg/L Br',
(5) 10 mg/L N03~, (6) 15 mg/L P043', (7) 15 mg/LS042' Other conditions are: PED detector conditions; E1
= 05V, E 2 = -1.0V, tt = 60 ms, t2 = 480 ms, Dionex PED Cell platinum substrate = 3 mm, Suppressor
AMMS
II Current Sampling Point (t^ = 10-20 ms, Injection volume = 20/JL.
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Using the PP/Cl (macro) electrode deposited on (3 mm) platinum, seven
Anion Standard Analysis were carried out in less than 7 minutes. The
noise recorded at the conductivity detector w a s 7uS and this gave a
detection limit of 9.0 m g / L Cl' (S/N ratio = 2). Whereas the noise
recorded at the PP/Cl (macro) electrode w a s 1.2 x IO"4 fj.C giving a
detection limit of 7.0 m g / L Cl" and with a signal-to-noise (S/N) ratio
value of 2. Improved limits of detection for s o m e of these ions were
recorded at the polymer modified electrodes but in general the results
were very similar to those obtained with conductivity detection.

The results at PP/Cl (micro) electrodes for the seven anion standards
correlate with the expected current magnitude due to the electrode size.
However, microelectrodes are less susceptible to p u m p noise compared to
PP/Cl (macro) and so the limits of detection were m u c h better.
Sensitivities and limits of detection ( L O D ) obtained at polymer-coated
electrodes are comparable with results for Conductivity Detection. These
are shown in Table 7-2.

Table 7-2:

Sensitivities and LOD obtained for Anions Using PP/Cl electrodes
(a)

Detectíon Limits (mg/L)

Concentration
Range (mg/L)

Macro

Micro

Conductivity

F"
Cl"
N0 2 _

0.5- 5.0

0.004

0.004

0.008

0.5- 5.0
1.0-15.0

0.007
0.018

0.003
0.020

0.009
0.045

Br-

N0 3 -

1.0 -15.0
1.0-15.0

0.020
0.018

0.007
0.020

0.040
0.040

so42-

3.0-30.0

0.036

0.030

0.080

PO4 3 -

3.0 - 30.0

0.090

0.090

0.200

Analytes

(a) is defined as 2 times Signal-to-Noise (S/N) ratio. Column
ml/min. Ali electrochemical conditions are as in Fig. 7-9.

= AS4, 20[iL injection volume. Flow rate = 2
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Detection limits were about 2 to 3 times better than for results obtained
using conductivity detection. This m a y be due to the reduction in the
threshold of noise obtained using polymer-coated microelectrode.
Sensitivities were different to macroelectrode-coated polymers and a
slight improvement in the detection limit for Cl" and Br" and SO4 2 " were
obtained.

Moreover, it was observed that the detection limits obtained here for the
anions with microelectrode-coated polymers were not very m u c h
different to that of macroelectrode-coated polymers. This was different to
the results obtained using FIA where the detection limits of about 2 - 3
orders of magnitude obtained for the anions with microelectrode-coated
polymers (in Chapter 4 ). This observation is not surprising because in
Chapter 4, different eluents were used and the C V s in these eluents were
also different. It w a s observed that the eluent used greatly influenced the
affinity of the ions to the polymer.

7.4.3.2 Effect of Polymer Composition on Selectivity.

In Chapter 3 where CEPs were used in FIA experiments, it was shown
that changing the polymer composition w h e n using conducting polymer
electrodes induces s o m e changes in the selectivity observed.

Chromatographic determinations involving anions under consideration
also revealed that different selectivities were observed w h e n polypyrrole
electrodes were grown using either chloride or DS" counterions. Figure 710 shows the chromatograms obtained for the separation of anions using
PP/Cl and P P / D S electrodes.
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Figure 7-10: Chromatograms obtained at (a) PP/Cl (micro) (b) PP/DS ((micro) electrodes using (1) 2 mg/L
F, (2) 3 mg/L Ct, (3) 6 mg/L NO3-, (4) 10 mg/L PO43; (5) 10 mg/L SO42- with AS11 column. Flow rate =
1 mL/min. E\= 05 V, E2 = -1.0 V, ti = 60 ms, «2 = 480 ms, tcsp = 10-60 ms. Polymers were deposited as in
the Experimental Section.

Different selectivities were obtained for F/Cl", P 0 4 3 7 S 0 4 2 " , and for N O 3 "
/S0 4 2 " peaks in Figure 7-10 using PP/Cl and P P / D S macroelectrodes. The
effect is more obvious if the changes in detection selectivity factors, a are
considered (a = Magnitude of Response A/magnitude of Response B).
With PP/Cl (micro), the selectivity factor for F7C1" is 0.08, for P 0 4 3 7 S 0 4 2 "
is 5.00 and for NO3-/SO4 2 " is 2.50. With P P / D S (micro), the selectivity
factor for F7C1" is 0.96, for P0 4 3 "/S0 4 2 " is 1.60 and that for N 0 3 7 S 0 4 2 " is
2.40. A s discussed in Chapters 3 and 4, the basis of the observed selectivity
differences m a y be due to the changes in the conductivity of the
electrolyte ion, ion exchange effects and oxidation/reduction process of
the polymers encouraged through pulsing the potential which induces
the movement of ions in and out of the polymer.
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Separation Without Suppression

Separation and detection were achieved on polymer-coated
microelectrodes without the use of a suppressor. However, problems due
to high background conductivity were recorded after about 2 hours of
operation. Attempts to carry out similar experiments with either
conductivity detection or PP/Cl (macro) electrodes resulted in high
backgrounds. Subsequently, quantitation of the anions was hindered. The
chromatogram obtained at the PP/Cl (micro) electrode without the use of
a suppressor is shown in Figure 7-11.

^ 3-8 m?n
f

^

Figure 7-11: Chromatographic separation of anions at PP/Cl (micro) electrode without the use of a
suppressor. using (1) 8.0 mg/L BrOf, (2) 4 mg/L Cl', (3) 6 mg/L NOf, (4) 5 mg/L CH3COO', (5) 10 mg/L
P043-, (6) 10 mg/L S042'. Conditions: 0.75 mM NaHCO^JO
mM Na2C03 eluent, flow rate = 1 mL/min,
Polymers were prepared as in the Experimental section.

As can be observed from the chromatogram, separation was achieved for
ali ions considered but baseline drift was apparent. Since the objective of
this study was the development of electrochemical detector for ions and
weak acids with pulsed electrochemical detection at polymer-coated
electrodes, this aspect of the work was not considered further.

7.4.3.4

Effect of Applied Potential W a v e f o r m o n Selectivity

Of particular interest in this work is the ability to tune the selectivity of
the polypyrrole-coated electrodes b y selecting the range of the potential
pulse a n d the current sampling point employed. Typical potential
waveforms employed are as s h o w n in Figure 7-12.

-1.0 v

(70 ms)

-1.0 v
(480 m s )

nsv
(0.0 s)

0.5 v

OS V
(60 m s )

(a)

-li) V

(b)

-i.o V

(70 ms), , /480ms)

0.5 V
(0.0 s)

0.5 V
(60 m s )

(c)

Figure 7-12: Typical Pulsed Potential Waveforms Employed. [Numbers shown in brackets are the puls
wwths employed, current sampling points are represented by the dots shown on the the waveforms].

The waveforms employed include a combination of r a m p a n d pulse steps
as in Figure 7-12a, long pulse with only one current sampling point
(Figure 7-12 b) a n d pulse with multiple current sampling points (Figure 712c). Selectivity is induced in the detection scheme b y an appropriate
choice of applied potential, the time at which the current is sampled and
the control of the chemical environment of the polymer. W i t h the use of
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a combination of potential r a m p and pulsed steps as s h o w n in Figure 712a, the observed selectivity changes were not different to those recorded
with the use of pulsed potentials as will be s h o w n in the following
sections.

The effect on selectivity of deliberate changes in the potential applied at
the working electrode w a s demonstrated with the use of P P / C l micro
(Figure 7-13). T h e ability to tune the potential range employed is s h o w n
for example in the chromatograms obtained using the AS-11 column
w h e n the negative potential pulse w a s kept constant at -1.00 V and the
positive potential w a s varied from 0.1 V to 0.6 V (Figure 7-13).

o.i us
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*t •«
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2.4 nC
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3
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(a)

(c)

(b)

(d)

33 min

r
Figure 7-13: Influence of applied pulsed potential on selectivity using PP/Cl (micro) electrode for the
detection of anions. (1) 2 mg/L F (2) 3 mg/L Cf (3) 6 mg/L N03' (4) 10 mg/L POé3', (5) 10 mg/L SOá2'
,with Eluent number 3 shown in Table 7-1 was used. Flow rate = 1 mL/min. Pulsed potentials applied were:
E 2 = 05 V, E2 = (a) -02 V, (b) -0.4 V, (c) -0£ V, (d) -0.8 V. t 2 = 60 ms, t2 = 480 ms, tcgp = 10 - 60 ms.

Figure 7-13 s h o w s that the selectivities obtained for chloride and nitrate
differ as the potentials b e c o m e m o r e negative. T h e selectivity factors
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obtained for C1"/N03" peaks in Figures 7-13a & 7-13b were 1.20 and 0.70
respectively. Changes in selectivities were also recorded for P 0 4 3 7 S 0 4 2 ~
peaks in Figure 7-13a & 7-13d. The selectivity factor obtained for these
ions were 3.10 and 1.40 respectively. These results s h o w that the
selectivity of the microelectrode polypyrrole detector could

be

manipulated through the appropriate choice of potential while the
results obtained with conductivity detection (shown in broken lines)
remain the same.

When the final potential was kept at -1.0V and the initial potential varied
as s h o w n in Figure 7-14, it was observed that the selectivity for the ions
was not markedly different. The selectivity factor recorded for F7Cl'in
Figure 7-14a w a s 0.10; these value did change for the ions in Figure 7-14b
but a slight change in selectivity factor (0.08) was recorded for the same
ions in Figure 7-14d w h e n the initial potential was varied positively.
With C I 7 N O 3 - ions, the selectivity factors were 0.68 in Figure 7-14a, 0.60
in Figure 7-14b and 0.55 in Figure 7-14d. This also showed that the
selectivity w a s not very m u c h different for these ions. Marked changes in
sensitivities could, however, be observed as shown in Figure 7-14.

From Figure 7-14, it can be seen that the sensitivities for ali the analytes
increased as the initial potentials became more positive. This suggests
that as in the detection of anions with FIA (Chapter 4), the applied pulsed
potential also enhances the sensitivity of detection for the ions after
chromatographic separations. This therefore confirms that the choice of
an appropriate potential is required to manipulate the sensitivity of the
polymer electrodes.

2.4 nC

j

(d)

h

33 min
^

Figure 7-14: Effect of applied positive pulsed potentials on selectivity using PP/Cl (micro) c
electrode. Ej at (a) 0.1 V, (b) 02 V, (c) 0.4 V, (d) 0.6 V and E2 = -2.0 V. í2 = 60 ms, t2 = 480 ms, ^ = 1
60 ms. (1) 2 mg/L F (2) 3 mg/L CT (3) 6 mg/L N03~ (4) 10 mg/L 3PO43', and (5) 10 mg/L2- SOf,

Chromatograms obtained with the use of PP/Cl (macro) electrode are
shown in Figure 7-15. The first most obvious difference is that n o w the
chromatograms became inverted as the potential range is increased (e.g
Figures 7-15c & 7-15d). The data suggest that as the potential goes more
negative, current flow due to the analyte becomes less than the current
recorded w h e n only the eluent passes through the system.
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Figure 7-15: Effect of changes in applied pulsed potential on selectivity using PP/Cl (macro) electrode.
Pulsed potentials applied were: Et = 05 V, E2 = (a) -0.2 V, (b) -0.4 V, (c) -0.6 V, (d) -0.8 V. tz = 60 ms, t2 =
480 ms, 1^=1060 ms. (1) 3 mg/L CT (2)5 mg/L NO{ (3) 10 mg/L Br (4) 10 mg/L NO{, (5) 15 mg/L
P04~ (6) 15 mg/L S042' using eluent number 1 in Table 7-1. Flow rate = 2 ml/min.

This is possible since at more negative potentials polymer resistance
increases and current flow due to anion reincorporation becomes less. It
is also true that at more negative potential, more ions will be expelled
from the polymer, so signals obtained d u e to reloading at positive
potentials will be m o r e dependent o n the nature of the anions to be
reincorporated.

Hence since polymer conductivity changes on injection of an analyte ion,
appreciable quantity of current is generated giving rise to a positive shift
in the signal. However, the currents recorded are largely influenced by
the applied pulsed potential. A t certain potential, the current shift is
positive and becomes more negative as the final potential is varied. This
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potential dependence supports the assumption that ion exchange
between the analyte and polymer contributes to the signal observed since
the analyte ions will compete for the available sites at certain potentials
and change the selectivity.

Moreover, Figure 7-15 also reveals the different selectivities obtained at
the macroelectrode polymer with different applied pulsed potentials. For
example, compare the relative selectivity factors obtained for C I 7 N O 2 " in
Figure 7-15a and Figure 7-15b with a = 1.80 and 1.00 respectively, and that
of P O ^ / S O ^ " peaks in Figures 7-15c, 7-15d a = 0.42 and 0.85 respectively.
Note that the rate of increase for N O 3 " and P 0 4 3 " (as the pulsed potential
range is expanded) is greater than for S 0 4 2 " . This is expected since
monovalent ions are m o r e readily incorporated into polypyrrole. The
relative selectivities for these analytes at different applied pulsed
potentials could be due to different rates of incorporation and expulsion
at certain potentials.

It has been shown that the process of doping and dedoping is a continuai
one (309). It is likely that certain anions are incorporated and expelled at
certain potentials, and therefore selectivity is determined by the applied
pulse range. It can thus be seen that the applied pulsed potentials play a
major role in the relative selectivities observed for different analytes at
conducting polymer detector electrodes. This flexibility is unavailable at
conductivity detector because the signal sizes remain unchanged.

7.4.3.5

Effect of Changing Current Sampling Point on Selectivity

The effect of the current sampling time (Figure 7-12) on the selectivity
attainable w a s considered. In ali cases, the current w a s sampled at positive
potentials in order to avoid interferences from electrochemical reduction
of oxygen. For ali the electrodes investigated, the variation of the current
sampling point had a dramatic effect on the chromatograms obtained
(Figure 7-16).

2.4 nC
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Figure 7-16: Effect of changing Current Sampling Points on selectivity at PP/Cl (micro) coated
electrodes. (a) 10 -20 mS (b) 20-30 mS (c) 30-40 mS (d) 300-310 mS. E1 = 05V, E2 = -1.0 V, t2 = 60 ms, t2
= 480 ms, flow rate = 1.0 ml/min., Injection Volume = 50 uL. (1) 2 mg/L F (2) 3 mg/L Cl' (3) 6 mg/L N03'
(4) 10 mg/L P043' (5) 10 mg/L SQ4~.

Other conditions as in Figure 7-13.

The selectivity factors obtained for C1"/N0 3 " (Figures 7-16a, 7-16b & 7-16d)
were 0.76, 0.40 and 0.80 respectively while for P0 4 3 "/S0 4 2 " in Figures 7-16a
and 7-16c) were 0.40 and 0.25 respectively. The selectivities attainable
changed considerably at longer current sampling points (e.g 300-310 ms).
Similar behaviour could be observed for sulphate and nitrate as the
current sampling points were varied. These results s h o w that selectivity
of ion detection at a polypyrrole-coated microelectrode could be
controlled by the appropriate choice of the current sampling points.

Further results are s h o w n in Figure 7-17 in which the influence of
current sampling point on selectivity at PP/Cl (micro) electrode for the
detection of anions using as AS-4 column is demonstrated.
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Figure 7-17: Effect of changes in current sampling point on selectivity at PP/Cl (micro) electrodes
10-60 (b) 10-40 (c) 10-30 (d) 300-310 mS. Ej = 05V, E2 = -1.0V, Flow Rate = 2 mL/min. (1) 2 mg/L F, (2)
3 mg/L Cl', (3) 5 mg/L NO2', (4) 10 mg/L Br' (5) 10 mg/L NO3; (6) 15 mg/L P043; (7) 15 mg/L S042'.
Injection volume 20 uL.

Comparing the differences in peak heights and shapes w h e n current
sampling points were changed from 10-60 m s to 10-40 m s , the selectivity
factor obtained for Br"/N03" were 0.80 and 0.30 respectively (Figures 7-17a
and 7-17b). This factor changed w h e n the current sampling point was
further changed from 10-60 m s to 10-30 m s (Figures 7-17a and 7-17c) and
the value of a obtained were 0.80 and 0.50 respectively for the same ions
(Br" and N0 3 ").
In Figures 7-17a, 7-17b, 7-17c and 7-17d, the observed selectivity factor for
fluoride and chloride ions were 0.88, 2.10, 1.00, and 0.30 respectively and
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selectivity differences could also be observed for bromide and nitrate ions
In ali of the cases, the current sampling point w a s found to have a
marked effect on the selectivity but in s o m e cases, it resulted in dips
rather than peaks. Selectivity is based on the rate of ion transport into the
polymer as the potential is pulsed positively.

In cases where this

transport is slow, small or negative peaks m a y be observed because
oxidation in this media is less efficient than in the eluent

7.4.3.6 Gradient Separation of Mono-, Di- and Trivalent Anions
The detection of 30 analytes was carried out on Ion Pac AS-II column
using the PP/Cl (macro) (prepared as described in the experimental
section) on a Dionex 3 m m platinum substrate. The separation on this
column w a s about 2 to 3 times faster than other columns used in this
study. The results obtained at the PP/Cl (macro) electrodes is as shown in
Figure 7-18.
The chromatograms shown in Figure 7-18a demonstrate the versatility of
the pulsed amperometric detection at conducting polymer electrodes for
the detection of a range of mono-, di- and trivalent anions in one sample
run (less than 20 minutes). The chromatograms obtained for the ions
using PP/Cl(macro) and conductivity detector are shown in Figures 7-18a
and Figure 7-18b respectively. The relative sensitivities a m o n g the ions
are quite similar that the signals obtained at polypyrrole electrode m a y be
thought to be due solely to conductance as discussed earlier in Chapter 3.
However, the fact that different selectivities were obtained for the
polymer electrodes (also discussed in Chapter 3) w h e n different
counterions (e.g Figure 7-10) were employed in the polymer synthesis
seems to suggest that the polypyrrole electrodes m a y be detecting by a
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combination of the conductivity of the electrolyte ion and the
oxidation/reduction process of the polymers due to pulsing.

Minutes

uS

-2.0

Minutes

(b)
Figure 7-18: Gradient Separation of anions using Dionex 30-Analyte Samples at (a) PP/Cl (macro)
electrode, (b) Conductivity Detector. The anions considered and the conditions of the experiments are as
follow: Ali anion concentrations are 5 mg/L unless otherwise stated. The anions are: (1) Isopropyl
methylphosphonate, (2) Quinate, (3) Fluonde -1 mg/L, (4) Acetate, (5) Propionate, (6) Formate, (?)
Methylsulphonate, (8) Pyruvate, (9) Chlorite, (10) Valerite, (11) Monochroacetate, (12) Bromate, (13)
Chloride -2 mg/L, (14) Nitrite, (15) Trifluoroacetate, (16) Bromide -3 mg/L, (17) Nitrate-3 mg/L, (18)
Chlorate-3 mg/L, (19) Selenite, (20) Malonate, (21) Maleate, (22) Sulphate -, (23) Oxalate, (24) Kelomanate,
(25) Tungstate -10 mg/L, (26) Phtalate -10 mg/L, (27) Phosphate 10 -mg/L, (28) Chromate -10 mg/L, (29)
Citrate -10 mg/L, (30) Tricarballylate -10 mg/L. Eluent 1= Mill-Q Deionised water, Eluent 2 = 5.0 mM
NaOH, Eluent 3 = 100 mM NaOH. Background Conductivity = 3.2/ÍS. E 2 = 0.5V, E2 = -1.0V, í2 = 60 ms,
f2 = 180 ms, t = 20-20 ms. Other conditions as in Table 7-1.

7.4.3.7

Chromatographic Separations of Halogenated Organic Acids

Separations and detection of a range of halogenated organic acids namely,
Monochloroacetic acid (MCA), Monobromoacetic acid (MBA)

- Tunable Detector

Dichloroacetic acid (DCA), Dibromoacetic Acid (DBA), Tribromoacetic
(TBA) acid, and Trichloroacetic acid (TCA) were also considered. A s for
the determinations involving the anions, PP/Cl (macro), PP/Cl (micro),
P P / D S (macro) and P P / D S (micro) polymer-coated electrodes were
considered.
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Figure 7-19: Chromatograms obtained at applied pulse potentials using PP/Cl (macro) electrodes.
Potentials applied: E1 =05V,E 2= (a) -0.2 V Çb) -0.4 V, (c) -0.6 V, (d) -0.8 V, tx = 60 mS, t2 = 480 mS, t^
= 10-60 mS. Flow rate = 2.0 ml/min., Polymer was prepared as described in the Experimental Section.
Analytes employed are 10 mg/L concentrations of (1) MCA, (2) MBA (3) DCA, (4) DBA, (5) TCA. 21 mM
NaÓH eluent. AMMS
II suppressor employed, Injection volume = 50/JL.

As with the detection of anions at polypyrrole electrode, Figure 7-19
shows that the selectivity obtainable for the detection of halogenated
organic acids could be controlled with the applied pulse potentials. The
selectivity factor obtained for M B A / D C A in Figure 7-19a/7-19b were 1.20
and 4.10 respectively, while those of D B A / T C A were 2.20 and 4.00. The
selectivity factor obtained for D B A / D C A in Figure 7-19c and 7-19d were
0.80 and 0.40 respectively. As with the detection of anions, the inversion
of the peaks were also observed here for the of H O A s , this has been
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attributed to changes in the polymer conductivity resulting from the
loading and reloading of the ions as the potential was varied

The influence of the applied potential was also noticeable when the
initial potential w a s kept at -0.4V and the final potential was varied
between 0.1-0.6V, the results are shown in Figure 7-20 for H O A s detection
at PP/Cl (macro) electrode.

120 nC

2.8 min .
Figure 7-20: Chromatograms obtained at PP/Cl (macro) electrode using pulse potentials. Ei = (a) 0.6 V,
(b) 0.4 V, (c) 0.1 V, E2 = -2.0 V, 10 mg/L concentrations of (1) MCA, (2) MBA, (3) DCA, (4) DBA , (5)
TCA. in 21 mM NaOH eluent. Other conditions as in Figure 7-19.

Figure 7-20 shows that as the initial potential was varied between 0.1 and
0.6 V and final potential kept constant at -1.0 V, the selectivity changes for
the acids was not very m u c h different. Compare the selectivity factor of
0.60 obtained for D B A / T C A in Figure 7-20a with that in Figure 7-20b
which was 0.50 and that obtained for M B A / D C A in Figure 7-20b of 0.76
and 0.70 for Figure 7-20c.
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However, as observed earlier for the anions using PP/Cl electrodes
(Figure 7-14), increased sensitivity w a s obtained for the H O A s at the
polymer electrode as the initial potential becomes more positive. This
indicates that for the detection of H O A s at polymer electrodes, the applied
pulsed potential enhances the sensitivity.

The influence of current sampling point on the detection of HOAs was
also considered. Figure 7-21 shows the result obtained with PP/Cl (macro)
electrode with changes in the current sampling points.

I

120 nC
120 nC

Figure 7-21: Chromatograms obtained at PP/Cl (macro) electrodes using different Current Sa
points: (a) 10-60, (b) 20-30, (c) 10-20. mS. 10 mg/L concentrations of (1) MCA, (2) MBA, (3) D
DBA , (5) TCA. in 21 mM NaOH eluent. Other conditions as in Figure 7-19.

By comparing the relative peak heights w h e n the current sampling point
was changed from 10-20 m s to 10-60 m s , in Figures 7-21a, 7-21b and 7-21c,
the selectivity factor obtained for M C A / D C A are 0.07, 3.55 and 13.60
respectively, and that of D C A / D B A are 18.50, 0.83 and 0.18 respectively. It
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is clear that selectivity differences could be obtained for the acids by
changing the current sampling points.

In ali cases, the current sampling point was found to have a marked effect
o n the selectivity resulting in dips rather than peaks in s o m e cases. This
selectivity is based o n the rate of ion transport into the polymer as the
potential w a s pulsed positively. In cases where this transport is slow,
small or negative peaks m a y be observed because oxidation in this media
is less efficient in the eluent.

Calibration parameters and the detection limits obtained for the detection
of H O A at polymer electrodes are summarised in Tables 7-3 and 7-4.

Figure 7-3: Calibration Data Obtained for the Detection of Halogenated Organic
Acids at Polymer Electrodes
Analytes

Concentration Range
(mg/L)

MCA
MBA
DCA
DBA
TCA

10.00-50.00

Sensitivities
(nC/mg)

0.50-50.00*

Correlation
Coefficient

73.5 (3.89)

0.943 (0.952)

555.0 (3.33)

0.05-50.00

1005.0 (6.63)

1.00-50.00

60.0 (0.29)

0.951 (0.953)
0.958 (0.958)
0.915 (0.922)

1.00-50.00

150.0 (0.61)

0.982 (0.933)

Values in brackets are the calibration data obtained at PP/Cl (micro) Polymer Electrode. Flow rate = 2
ml/min, PED II detector, E 2 = 05V, E2 = -0.8V, íj = 60 msec, t2 = 480 msec, t = 10-60 msec. Other
conditions as in Figure 7-19.

As s h o w n in Table 7-3, linearity w a s obtained for the organic acids at both
P P / C l (micro) a n d P P / C l (macro) electrodes a n d the correlation
coefficients were greater than 0.949.
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Detection Limits Obtained at Polymer electrodes for HOAs

Analyte PP/C1
(macro)
mg/L

PP/Cl
(micro)
mg/L

PP/DS
""
(macro)
mg/L

PP/DS
(micro)
mg/L

Conductivity

MCA
MBA
DCA
DBA
TCA

950.00

950.00

950.00

950.00

950.00

7.00

7.00

0.70

0.70

0.70

60.00

60.00

0.60

6.00

6.00

100.00

100.00

100.00

100.00

10.00

80.00

80.00

80.00

80.00

80.00

(mg/L)

Flow rate = 1 ml/min, PEDII detector, E2 = 05V, E2 = -0.8V, í3 = 60 msec, t2 = 480 msec, t^ = 10-60
msec. Other conditions as in Figure 7-19.

Detection limits obtained for the acids are shown in Table 7-4. Improved
limits of detection were recorded with PP/Cl (micro) for D B A and T C A
compared with conductivity and PP/Cl (macro) detection. TB A could not
be detected at ali either with the polymer electrodes or with conductivity
detection probably because it is too weakly eluting.

7.5 APPLICATIONS TO ENVIRONMENTAL ANALYSIS

Ion chromatography is an ideal method for the determination of
leveis of anions in water (415). Two different types of water were analysed
for their anionic components in this study: Tap water and Sea water. The
practical utility of the new sensor was determined using PP/Cl (macro),
PP/Cl (micro), PP/DS (macro) and PP/DS (micro) electrodes in these
water samples. Results obtained were compared with conventional
detection for ion chromatographic analysis of water.

7.5.1 Chloride and Bromate in Tap Water

Previous experiments with the use of microelectrode-coated poly
(Figure 7-11) showed that less efficient separation of bromate and chloride
ions were recorded without the use of a suppressor. However, the
introduction of a suppressor system enables the simultaneous

CEP-based Electrochemical Detection - Tunable Detector for Ion Chromatography

Page 254

determination of these ions using the pulsed polymer detection method.
H e n c e the determination of chloride and bromate ions in tap water w a s
investigated in order to demonstrate the practical utility of the pulsed
polymer detection method.

The chromatograms of Figure 7-23 show the responses obtained for tap
water samples spiked with bromate ions.
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Figure 7-23: Chromatograms obtained using (a) PP/Cl (macro) (b) Conductivity Detector. Conditions: (1)
Fluoride, (2) Bromate, (3) Chloride, (4) Sulphate in tap water samples. Conditions: AS 4 column (eluent
number 1 in Table 7-1), Flow rate = 1 mL/min, Ej = 05V, E2=-1.0V, í 2 = 60 ms, t2= 480 ms, tcsp = 10/20
ms. Polymer was prepared as described in the Experimental Section.

In order to test the validity of the method in the water sample matrix, the
tap water sample w a s spiked with various amounts of B K ^ " (Figure 7-24).
A t ali concentrations of Br03~ considered, responses in tap water were
similar to those in deionized water. Determination of bromate in
drinking water using the pulsed polymer amperometric detector s h o w s
that about 0.13 m g / L of bromate could be determined in the presence of
35.5 m g / L of chloride ions. T h u s the method is very sensitive in the
detection of low bromate concentrations in the presence of large amounts
of chloride concentrations in drinking water.
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Figure 7-24: Chromatograms of spiked water samples at various concentrations; (a) 0.1 mg/L, (b) 0.06
mg/L, (c) 0.03 mg/L. (1) F, (2) BrOf, (3) Cl', (4) S042'. Other conditions as in Figure 7-23.

Other ions present w e r e quantified from a standard calibration curve.
Results are s u m m a r i s e d in Table 7-5. T h e corresponding correlation
coefficients deternined for F", Cl" a n d S 0 4 2 " w e r e 0.986, 0.976, a n d 0.948
respectively.
Table 7-5:

Anion Content of Tap Water
(macro) Electrode

as Determined

Using

PP/Cl

Anions

Retention
Time (min)

Sensitivity
(uC/mg)

Concentrations
Determined (ug/L)

F"

0.98

0.08 (0.01)

1.50 ± 0.4 ug/L

Cl"
S042"

1.70
7.10

0.66 (0.01)
0.16 (0.03)

47.0 ± 0.6 ju/L
1.30 ±0.3

Conditions are as shown in Fig. 7-23., Values in brackets are the sensitivities (fiS/mg
obtained with conductivity detection.

7.5.2

Determination of Anions in Sea Water

A polypyrrole-based C M E w a s used as an amperometric detector for the
anions present in fresh water samples following ion chromatographic
separation. The samples were collected from different locations around
Wollongong.
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Figure 7-25: Determination of Anions in Seawater Samples. Chromatograms obtained at (a) PP/Cl
(macro) electrode (b) Conductivity Detector for (1) Chloride, (2) nitrate, (3) Sulphate , (u) Unknown.
Samples were collected from Port-Kembla . Conditions: as in Figure 7-23.

A calibration curve in the m g / L range for each of the foliowing anions
w a s constructed. These are: chloride, nitrate and phosphate. T h e linear
coefficients were ali better than 0.997 for ali the ions. Using conductivity
detection, linear correlation coefficients obtained by using peak height as
the calibration m e t h o d were ali better than 0.999. This demonstration
confirms the practical utility of the pulse polymer detection m e t h o d for
the analysis of anions in sea water samples.

Each water sample w a s injected in duplicate, the resulting peak height
m e a s u r e m e n t w a s averaged and the final results reported as the
concentration of each anion present. A s can be seen from the final results
reported in Table 7-7, the results obtained for chloride ions were not
defined d u e to the fact that the a m o u n t present in the samples w a s
beyond the operating range of the detector. H o w e v e r , comparable results
were obtained for the other ions using both methods of detection and the
leveis of sensitivity of both methods were similar.
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Table 7- 7:

Anion Content in Sea water Samples Obtained at various
locations in Wollongong área
Anion Concentration Determined (mg/L)

Detector

Chloride

Nitrate

Sulphate a

Sample A
PP/Cl (macro)
PP/Cl (micro)
Conductivity

N.D
N.D
N.D

12.6
12.6
12.6

44.9
44.6
44.9

Sample B
PP/Cl (macro)
PP/Cl (micro)
Conductivity

N.D
N.D
N.D

10.2
10.5
10.2

42.3
44.8
44.8

Sample C
PP/Cl (macro)
PP/Cl (micro)
Conductivity

N.D
N.D
N.D

6.8
6.3
6.3

16.8
17.5
17.8
2

N.D = not defined.= aso4 'concentration determined
Conditions as in Fig. 7-24
after dilution.

The locations from where samples were taken had various domestic and
industrial importance. This m a y account for the variations in the results
obtained. Thus the results show that the polypyrrole-coated electrode
could be employed in the determination of anions with adequate
sensitivity and reproducibility.

7.6 CONCLUSIONS
A detection method is described based on the use of Conducting Polymer
with pulsed amperometric detector. It provides an excellent mechanism
for detection of large range of electroinactive anions and halogenated
organic acids subsequent to ion chromatography. Application to analysis
of environmental samples are adequate and the results are comparable to
conventional analysis of ions by HPIC with conductometric detection.

CEP-based Electrochemical Detection - Tunable Detector for Ion Chromatography
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The selectivity of the detection system was tuned by adjusting either the
magnitude of the potential waveform or the current sampling point. This
is a significant finding because it provides an alternative

detection

method to conductivity in situations involving: the interference effect of
an anion either co-eluting with another (such as a very close retention
times), or the quantity of one of the ions over the other is so large enough
so as to prevent proper quantitation of the other ion. Detection limits are
comparable

and in s o m e cases better than the results obtained with

conductivity detection. Selectivity of ions could be controlled by the
choice of appropriate current sampling point. Appropriate choice of the
applied potential or current sampling point encourages the signals due to
one of the ions under consideration is either "masked" or completely
eliminated.

Finally the detection method described here employs principies other
than conductivity for detection of ions and organic acids and could be
feasible for cations and smaller molecules. W i d e application in
environmental analysis is envisaged.
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GENERAL

CONCLUSIONS

The ability to switch the electronic properties of conducting polymers
through the application of electrical potentials has resulted in a surge of
research activities that is driven mainly by the intended applications in a
number of áreas thaj: include sensors. However, the practical utilisation
of C E P s w a s hindered by the lack of sufficient understanding of the
physical, chemical and electrochemical p h e n o m e n a governing these
systems (21,281,282). This has resulted in the development of sensors
with inadequate analytical characteristics such as poor selectivity,
insufficient electrochemical stability and the need for regeneration of the
polymer

surface

after

being

saturated

with

the

analytes

(163,164,182,194,431-433).

This thesis has among other things, addressed the mechanisms
governing the operation of a CEP-based sensor in an amperometric m o d e
using a range of electrochemical techniques. The nature of the currents
arising from the interfacial processes occurring at conducting polypyrrole
electrodes have been elucidated in more detail. The operation of the CEPs
in the detection of ions is limited by the need for regeneration, poor
selectivity and insufficient electrochemical stability. These problems have
been addressed using a novel signal generation strategy whereby the
dynamic electrochemical properties of the polymers were controlled. This
signal generation procedure has also been used to obtain rapid, sensitive
and reusable biosensors based on CEPs.

Factors influencing the electrochemical polymerisation of pyrrole were
considered in Part 1 of the research and discussion. It was shown that the
current density employed during electrodeposition of polymer films
influenced polymer growth. T h e potential required to deposit an
electroactive polymer w a s also reflected in the current densities
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employed. Evidence obtained using chronopotentiometry, cyclic
voltammetry, normal pulse voltammetry and electrochemical quartz
crystal microbalance reveals that the nature of the counterion employed,
anions and cations present in the electrolyte media, especially the size
and the mobility of these ions, had a significant effect on the
oxidation/reduction processes.

For polymers having simple ions as the counterion such as chloride,
s o m e degree of anion and cation exchange occurs during the redox
process. With electrodeposition in the presence of large surfactant ions,
anion removal during cycling is difficult but cation incorporation and
removal during cycling is readily achieved. Therefore since both anion
and cation m o v e m e n t are involved in the redox processes occurring at
the polypyrrole electrodes, the mechanisms of the polypyrrole redox
reaction and that of conducting polymer sensors appear to be more
complicated than simple assumption that the anion enters the polymer
for charge compensation during oxidation and then leaves the polymer
during reduction. Experimental evidence obtained in this work suggests
that cations m a y also enter the polymer film instead of the anion leaving.

The problems with conducting polymer sensors was addressed by
considering the specific examples of the detection of electroinactive
species using glycine as eluent in flow injection analysis. W h e n
polypyrrole electrodes are employed in this way, a method must be
devised whereby the ions that have accumulated during use must be
removed. Also the polymer exhibits poor selectivity and stability w h e n
exposed to oxygen. Moreover, the detection method was limited by the
insufficient conductivity of the glycine eluent employed.

General Conclusions
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This detection method was investigated in more detail and the
mechanism of signal w a s also generation considered. Previously only
PP/Cl and P P / C 1 0 4 were considered as the sensing electrode for the
detection of electroinactive species. H o w e v e r , the nature of the
counterion employed in the electrodeposition process w a s s h o w n to have
greatly influenced the resulting properties of the polymer film, especially
the selectivity of the polymers towards the different analyte ions. Hence
the issue of selectivity w a s addressed by varying the counterion employed
during synthesis. With this approach, it w a s found that selectivity could
be varied by changes in the counterion and a large range of selectivity
differences were obtained for the detection of electroinactive anions. The
nature of cations in the analyte, the nature of eluent and the
electrochemical potential were also found to influence the ability of the
polypyrrole electrodes to detect electroinactive species.

The utilisation of the unique properties of CEPs for the generation of
analytically useful signals w a s considered through the application of
several potential waveforms including constant: potential, potential
ramp, a.c. potential superimposed on a r a m p and pulsed potentials). The
use of phase sensitive alternating current voltammetry in the detection
of electroinactive species w a s not analytically useful since a detection
limit of only IO - 4 M

w a s obtained for most of the ions and the

reproducibility of the signals w a s poor.

The use of pulsed potential waveforms was however useful because it
greatly amplified the signals obtained for the electroinactive ions. The
application of pulsed potentials also induced the oxidation of the polymer
and subsequent incorporation of the anionic species which neutralises
the positive sites generated during oxidation of the polymer. Conversely,
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the reduction process amounts to a loss of positive charges from the
polymer resulting in the expulsion of the negatively charged doping ions
w h e n only hydrophilic ions are employed as counterion. Thus the use of
pulsed potentials enables cation /anion incorporation and expulsion to
play a more predominant role in the signal generation process. At
negative potentials the cation m a y be incorporated and then expelled at
positive potentials. Stability of weeks were recorded for the polymers in
flowing systems.

In spite of the advantages gained by the use of pulsed potentials in the
detection of electroinactive species, the limits of detection obtained were
still only about IO"5 M for most of the ions considered. Also, the problem
of lack of conductivity of the glycine eluent due to the increased iR drop
in the detection system still persisted. The use of microelectrodes as the
substrate on which the polymers were deposited was then considered in
order to overcome these problems.

It was shown that the use of microelectrodes had a dramatic impact on
the effíciency of the detection system. It w a s found that the potentials
required for the electropolymerisation of the polymers were less anodic
than those of conventionally sized electrodes. At macroelectrodes
polymerisation w a s hindered by the transport of the anion to the
electrode surface whereas the enhanced mass transport properties of the
microelectrodes m e a n t that the transport w a s not hindered. The
increased rate of mass transport also influenced the rate of ion
incorporation/expulsion at the electrodes w h e n cycled in electrolyte
media to the extent that the process approached that of a reversible
electron transfer process.

Detection in a low conductivity eluent was possible with the use of
microelectrodes; an improvement in detection limits of 2 to 3 orders of
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magnitude were obtained for most of the ions. Linear responses were
recorded for ali the ions and it w a s also possible to adjust the selectivity of
the detection process by modifying the polymer composition. The use of
microelectrodes was therefore s h o w n to overcome m a n y of the problems
associated with the electrochemical detection. Using the applied pulsed
potential waveforms at the polymer electrodes, the relative analytical
sensitivity increases as the electrode size increases but the detection
limits, signal to noise ratio, and linearity of response were more favoured
by the use of microelectrodes.

Pulsed potentials were also successfully applied for the generation of
analytical signals using a more sophisticated biomolecule. The specific
reaction chemistry of an antibody with the corresponding antigen for
molecular recognition w a s considered using antibody immobilised in
polypyrrole matrix. The production of sensitive, reproducible analytical
signals due to the antibody-antigen interaction has to date proven
difficult, partly due to the lack of a faradaic signal and also due to the
irreversible nature of the antigen-antibody interaction.

Several attempts at overcoming these problems have resulted in
procedures that were either time consuming and/or required long
incubation times/equilibrium times and harsh conditions are employed
in order to reverse the A b - A g interaction. Previous attempts at obtaining
useful analytical signals with Ab-containing polymers were carried out
using alternating current voltammetry (96), but while sensitivity was
adequate, reproducibility and re-useability of these sensing systems were
not.

This work presents a novel approach to the problems of generation of
rapid, sensitive and reversible signals involving A b - A g interaction using
PP/AHSA-HSA

system as a test case. A H S A

w a s successfully
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The mechanism of signal generation was elucidated with C V and E Q C M
data recorded in-situ. The results of the CV, pulsed potential and E Q C M
experiments confirm that the oxidation/reduction process at the
P P / A H S A electrode was accompanied with cation incorporation and
expulsion presumably due to the immobility of the incorporated
antibody. Mass increase was reversible because the polymer returned to
the original mass upon the application of a positive potential. In the
presence of H S A , the mass increase was greatly enhanced w h e n
compared with P P / N O 3 . It appears that the presence of antibody
facilitates more rapid cation incorporation giving rise to the analytical
signal induced by the applied pulsed potentials.

The practical application of the sensor was demonstrated for the detect
of albumin in urine samples. The results obtained were comparable to
conventional nephelometric measurements. A rapid, sensitive and
reproducible detection method for H S A based on the use of polypyrroleAHSA

with pulsed amperometric detection in an FIA m o d e has

consequenüy been developed. This approach overcomes m a n y of the
practical problems previously associated with direct electrochemical
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immunoassays. The approach should prove extremely useful for other
A b - A g systems and it is envisaged that this should have a wide-spread
application in the development of n e w electrochemical immunoassays.

The versatility of the pulsed polymer biosensor technology for in the
detection of other macromolecules w a s also investigated using antithaumatin immobilised within the polypyrrole matrix for the detection
of thaumatin. This sensor also proved very sensitive and reliable for the
detection of thaumatin. The P P / A T H A U

sensor w a s selective to

thaumatin. Practical utility of the sensor was determined in a range of
soft drink samples and adequate sensitivity was obtained. The method
appears to suffer from interferences at low leveis.

Also in this work, a method was described that utilises the conducting
polymer based detector and the pulsed potential waveform (such as a
pulse-step or a r a m p potential waveform). The method describes an
excellent mechanism for detection of a wide range of electroinactive
anions and halogenated organic acids subsequent to ion chromatography.
The application of the technique to the analysis of environmental
samples is adequate and the results are comparable to conventional
analysis of ions by H P I C with conductometric detection.

The selectivity of the detection system was tuned by adjusting either the
magnitude of the potential waveform or the current sampling point. This
is a significant finding as it provides an alternative detection method to
conductivity. This involves the situations w h e n there is obscurity in the
interference effect of an anion either co-eluting with another or w h e n an
anion is present at such a high concentration as to cause sufficient peak
broadening that an adjacent peak is obscured. Ions having such similar
characteristics could therefore be effectively determined by the choice of
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appropriate current sampling point, the applied potential or by
controlling the chemical composition of the polymer electrode. The
detection method

described here employs principies other than

conductivity for the detection of ions and organic acids and could be
feasible for cations and smaller molecules. W i d e application in
environmental analysis is envisaged.

Extensive literature study together with experimental evidence and
conclusions drawn throughout this study have greatly added to the
general understanding of the fundamental processes of conducting
electroactive polymers. This is particularly relevant in the case of the
results obtained for the electrochemical processes during and after the
synthesis of the polymers and the mechanistic approach to the
amperometric currents arising from the detection of electroinactive
species, proteins and organic molecules.

A considerable part of the knowledge gained about the mechanistic
processes was also put into practical use in the development of a range of
sensors for determining ions, small molecules and proteins; these have
already been put to practical use in this and other laboratories. Perhaps
two of the most significant contributions of this work involve the
introduction of novel signal generation methodologies. These involve
the application of transient potential waveforms in the use of conducting
polymers and the introduction of polymer-coated microelectrodes
operating in an FIA/IC m o d e for the improvement of operational
characteristics in the detection of electroinactive species.

The proposed signal generation technique is most appropriately used
with C E P s because the applied potential is only transient (an
instantaneous perturbation of electrical potential) and the analytical
currents are being sampled at specific points. The signal generation
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methodologies also enable the selectivity and the sensitivity of the
analytes to be manipulated and controlled.

The age-long problem of generation of rapid, sensitive and reversible
analytical signals for immunosensors w a s also addressed using the
proposed signal generation technique. This is because the interaction of
antibody with antigen could n o w be encouraged with a positive applied
potential. Thus a rapid concentration dependent signal is obtained for the
antigen, and then discouraged with the appüed negative potential. This
technique has proven useful in the detection of a range of
macromolecules. The results obtained in this work, including the fact
that a U S patent application on it has been filed, attest to its analytical
significance. Hence wide future analytical use of the technique is
therefore envisaged.

12 FUTURE TRENDS

Conducting polymer-based sensors in conjunction with the application of
transient potential waveforms have proven to be a powerful technique
for the improvement of electrochemical detection and its future
development is expected to continue. In the área of chemical selectivity,
the use of a wider range of counterions during electrochemical synthesis
will provide a significant change in the affinity of the ion exchange sites.
The ability to control the surface conditions of the sensor during the
polymerisation step will overcome the variations in sensitivities from
one electrode to the other. The application of n e w potential stimulus will
also greatly influence the detection characteristics observed with C E P
sensors.

The use of microelectrode technologies (microarrays and sensing chips),
already established and documented in literature, suggests that this will
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be beneficiai to CEP detectors. Further exploitation of this technology
especially in the immobilisation of antibody within the polymer matrix
m a y enable the design of smaller, more compact and portable sensing
systems.
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APPENDLX I

ELISA Test using PP/AHSA Polymers: Polymers were prepared as described
in the Experimental Section in Chapter 5.

EQTJIPMENT
Polystyrene microtitre plate (Pacific Diagnostic)
Positive displacement pipette
BIO-RAD plate reader

MATERIALS
H u m a n Serum Albumin, H S A dialysed against water before use
Anti-Human Serum Albumin, A H S A (Sigma or Silenus)
Ovalbumin (Sigma)
0.4 M N a O H
Carbonate-bicarbonate buffer, p H 9.6
0.1 M N a 2 C 0 3 2.65g/250 m L
0.1 M N a H C 0 3

2.10g/250 m L

Add 30 m L N a 2 C 0 3 + 60 m L N a H C 0 3 and make up to 100 m L with water

Phosphate buffered saline 0.15 M PBS pH 7.2 containing 0.05% v/v Tween
(PBS-Tween 20)
NaCl

8.0g/L

KCI

0.20g/L

Na 2 HP0 4 .2H 2 0

1.15g/L

NaH 2 P0 4 .2H20

0.16g/L

Tween 20

0.5 ml/L

Dissolve in 1L H 2 0
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Alkaline Phosphatase (AP) conjugate (BIO-RAD)
Rabbit Anti-Rabbit IgG ( H + D - A P binds to Silenus Sheep A H S A

Alkaline Phosphatase Substrate Kit (BIO-RAD)
(i) P-nitrophenyl phosphate tablets and
(ii) 5x concentrate diethanolamine buffer (100 m L ) .

PROCEDURE
10ug/ml of the antigen was dissolved in carbonate-bicarbonate buffer; 100 uL
was pipetted into each well and plates were incubated for 1 hr at 37°C Plates
were flooded with PBS-Tween 20 solutions, soaked for approximately 30
seconds and solutions were removed using a pipette. 100 jiL of 1 %
ovalbumin (made up in PBS-Tween 20) blocking solution were pipetted into
each well and incubate at 37°C for 30 minutes; this w a s repeated 3 times.
Antibody w a s then dissolved in PBS-Tween 20; and serial dilutions
(100|iL/well of the standard antibody were added; plates were incubated at
37° and incubated for 1 hour. This was repeated 3 times. Enzyme labelled
antibody m a d e up in PBS-Tween 20 (100 jiL/well) were added; plates were
incubated at 37° for 1 hour. This step w a s also repeated for 1 hour. 100
(iL/well of substrate (one tablet was dissolved in 5x diethanolamine buffer in
4 ml water) was added. 100 uL of 0.4 M N a O H was added to each well to stop
the reaction; plated were read at 405 nm.

RESULTS
A standard curve plot of 1/[AHSA] vs absorbance was prepared and using the
linear section of the graph which corresponds to the absorbance values for
the 'unknowns'; the concetration of A H S A ( m g / m L ) bound to the antigen
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was calculated. [AHSA] was related to activity by assigning lug antibody = 1
unit of activity.
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A P P E N D I X II

ELISA Test using PP/ATHAU Polymers: Polymer was prepared as described
in the Experimental Section in Chapter 6. Poiystyrene microtitre plates
which were previously incubated for 18 hours at 4 o C in a fridge were blocked
with fish gelatine (500 m L / 2 0 m L of PBS buffer 40 m m o l ) using 200 \LL per
well. Antibody incorporated polypyrrole films coated on gold films discs
(área = 2cm 2 ) were prepared. T w o sets of gold film coated electrodes were
prepared.

O n e set contains the antibody while the other set contains

polypyrrole nitrate as the blank. The films were placed in separate microtitre
plate wells, blocked again with 200 pL of PBS and incubated for 18 hours at
4°C

The blocking procedure eliminates non specific binding caused by the
polypyrrole film itself. The plates were thoroughly washed with buffer (4
m m o l PBS + 0.05% Tween 20) after every step 200 uL of purified antibodies
(Cone. 1:1000) was added and then incubated for 18 hours at 4 ° C The plates
were washed three times with buffer. Different concentrations of thaumatin
(100 uL/well) were added, 100 uL/well of Horse-radish peroxidase thaumatin
tracer was added and mixed well using a horizontal shaker for 1 minute and
incubated again for 18 hours (ovemight). The plates were washed after the
incubation step using the buffer and Milli-Q water and the substrate was
added. The absorbance was measured with a Multiscan Plus Version 1.43
plate reader at 405 n m immediately after the incubation step.
Microtitration plates must be washed after the antigen adsorption, blocking
and antibody incubation steps. The inclusion of T w e e n 20 in ali w a s h
solutions significantly reduces non-specific interactions. During incubation,
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microfiltration plates were covered to prevent reagent evaporation and
contamination using a humidified incubator to prevent drying of the outer
walls of the plate. Results were treated as in Appendix I.

